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Proper neurological function requires a regulated balance of excitation and 

inhibition in the nervous system.  An imbalance of these two forms of neuronal 

transmission is a hallmark of the neurological disorder, epilepsy.  In this 

dissertation I describe my work on a C. elegans model mimicking the 

neurological condition of epilepsy.  A gain of function mutation in the 

acetylcholine receptor subunit gene, acr-2, causes increased cholinergic 
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excitation and decreased GABAergic inhibition, resulting in whole body 

convulsions.  Through screening for genetic suppressors of this mutant the 

composition of the ACR-2 receptor was determined.  Further studies of a unique 

genetic suppressor identified a key role for TRPM channels and systemic ion 

homeostasis in the control of excitation and inhibition imbalance.  Lastly, I found 

that the cholinergic motor neurons use neuropeptides to alleviate the severity of 

convulsions caused by the acr-2(gf) mutation.  My thesis work identifies a new 

model for studying excitation and inhibition balance in vivo.  While traditional 

work on neuronal network balance has focused on fast excitatory or inhibitory 

transmitter systems my work highlights the role of nonneuronal and 

neuromodulatory regulation of this balance. 
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CHAPTER 1  
 

Introduction 
 

Maintaining Balanced Neuronal Network Activity 

 Neuronal networks operate within an ever-changing range of activity levels 

(Davis and Bezprozvanny, 2001; Nelson and Turrigiano, 2008).  During the 

course of development neuronal networks are challenged to operate properly 

while the neurons themselves are changing in size, number and connectivity.  

Additionally, throughout the life of an organism synapse numbers and strength 

are in constant flux as learning occurs (Davis and Bezprozvanny, 2001).  

Neuronal and non-neuronal cells, such as glia, work together to make sure 

overall network balance is maintained as individual components of the network 

change (Maffei and Fontanini, 2009; Halassa and Haydon, 2010).   

 It has been shown that in cultured neurons if firing is artificially increased 

or reduced over a period of time, the individual neurons will change their intrinsic 

properties to return overall network firing to its original level (Turrigiano et al., 

1998).  This form of synaptic scaling is believed to be due to a multiplicative 

change in synapse strength at all synapses on a given neuron, allowing the 

relative activity levels of individual synapses to remain unchanged (Turrigiano, 

2011).  These changes are a combination of presynaptic changes in transmitter 

release and postsynaptic changes in receptor number (Pozo and Goda, 2010).   

To maintain the balance between excitation and inhibition, it is important 

that these two forms of transmission are both modified by changes in activity 
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levels.  Unlike neuronal cultures where GABAergic and glutamatergic synapses 

are modulated in opposite directions in response to global activity level changes 

(Kilman et al., 2002), in intact neuronal networks both glutamatergic and 

GABAergic activity increase in response to decreased activity (Echegoyen et al., 

2007).  The increase in excitatory activity levels is seen before the increase in 

inhibition, suggesting the inhibition increase comes about to maintain network 

excitation/inhibition balance (Karmarkar and Buonomano, 2006). 

 

Epilepsy a disease of excitation and inhibition imbalance 

 Unfortunately, neuronal networks are not always able to properly 

compensate for perturbations.  Increasing evidence suggests that improper 

circuit development leading to impaired oscillatory behavior in neuronal networks 

plays a role in the etiology of autism spectrum disorders and schizophrenia 

(Rippon et al., 2007; Uhlhaas et al., 2009; Uhlhaas and Singer, 2010).  

Additionally, it has been recently shown that accumulations of Aβ seen in 

Alzheimer’s disease leads to aberrant patterns of neuronal circuit activity that is 

in part responsible for the pathology of the disease (Palop and Mucke, 2010). 

Lastly, epilepsy is the best characterized neurological disorder caused by 

disruptions in neuronal network activity, specifically a disruption in the balance 

between excitation and inhibition (McCormick and Contreras, 2001). 

 Epilepsy is one of the most common neurological diseases affecting 

approximately one percent of the population (Hauser, 1994).  To be diagnosed 

with epilepsy an individual must have at least one seizure and some form of 
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alteration in the brain leading to the likelihood of further seizures.  A seizure itself 

is defined as a period of excessive or synchronous neuronal activity (Fisher et 

al., 2005).  Epilepsy can be divided into upwards of 40 different subtypes (ILAE, 

1989), yet despite this diversity in epileptic disorders it is generally believed that 

seizures are the result of an imbalance between excitation and inhibition 

(McCormick and Contreras, 2001).  Indeed the genetic mutations that have been 

shown to be associated with epilepsy affect either Na+ and Ca2+ channels, 

important for depolarizing neurons, or K+ and Cl- channels important for 

hyperpolarizing neurons (Rees, 2010). 

In addition to suffering from often debilitating seizures there are numerous 

conditions that show high comorbidity rates with epilepsy.  Adults with epilepsy 

are at higher risk for depression, anxiety, sleep disturbances, cognitive 

impairment and psychosis than the general population.  Children with epilepsy 

often show higher rates of attention-deficit hyperactivity disorder, learning 

disabilities and behavioral problems (Jacobs et al., 2009).  While seizures can be 

controlled in the majority of patients with epilepsy, there are often undesirable 

side effects associated with antiepileptic drugs (Kennedy and Lhatoo, 2008).  

Additionally, a recent large scale study found that up to a third of patients failed 

to show a response to antiepileptic drugs within the first year of treatment, with 

only 30% of these nonresponders later becoming seizure free (Kwan and Brodie, 

2000).  Another limitation to currently available antiepileptic drugs is that while 

they control seizures they do nothing to change the underlying conditions 

generating the seizures, thus patients are often forced to remain on medication 
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throughout their lifetime (Elger and Schmidt, 2008).  Therefore, the discovery of 

novel epilepsy treatments is currently an area of great interest in neuroscience. 

 

Animal Models of Epilepsy 

 Animal models are currently being used to help better understand both the 

underlying brain dysfunctions in epilepsy as well as to search for novel 

treatments.  Seizures can be induced in rodents by either electrically stimulating 

the brain, treating with agonists of excitatory transmission, or treating with 

antagonists of inhibitory transmission (Loscher, 2002).  Additionally mutations in 

excitatory or inhibitory ion channels similar to those seen in heritable cases of 

human epilepsy can cause seizures in mice (Frankel, 2009).  

 Recently, an increasing number of investigators have turned to 

invertebrate models of epilepsy due to the ability to perform genetic screens and 

the large availability of mutants.  Seizure-like activity can be elicited in Drosophila 

following electrical stimulation of the brain, and Drosophila mutants have been 

isolated that show seizures in response to sensory stimuli (Song and Tanouye, 

2008).  Additionally, there are also two previously described C. elegans epilepsy 

models.  One study examined the C. elegans homologue to the vertebrate gene 

lissencephaly-1, a gene that when mutated has been implicated in epilepsy in 

humans (Dobyns et al., 1992).  They found that in C. elegans mutations in this 

gene lead to defects in GABAergic synaptic vesicle localization and an increased 

susceptibility to convulsions in response to pentylenetetrazole (PTZ) (Williams et 

al., 2004), a GABA receptor agonist that can also generate convulsions in 
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mammalian systems (Rocha et al., 1996).  Another group found that mutations in 

genes that have also been implicated in seizure formation in mammalian models 

caused spontaneous convulsions in the spicule muscles of the male (Garcia and 

Sternberg, 2003; Gruninger et al., 2006).  While both these groups showed 

seizure-like convulsive behavior in their models neither showed physiology to 

prove that the cause of these convulsions was unbalanced neuronal 

transmission.  In this dissertation I will introduce a novel C. elegans epilepsy 

model where spontaneous whole body convulsions occur as a result of a verified 

imbalance between excitation and inhibition in the locomotor circuit. 

 

Gain of Function Acetylcholine Receptor Mutants 

Neuronal acetylcholine receptors have been shown to play key roles in 

regulating neuronal plasticity as well as learning and memory (Levin et al., 2006; 

Placzek et al., 2009).  In addition, cholinergic signaling has been implicated in 

addiction, Alzheimer’s disease, Parkinson’s disease, schizophrenia and 

autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) emphasizing the 

importance of these receptors in maintaining normal brain function (Marini and 

Guerrini, 2007; Albuquerque et al., 2009).  Acetylcholine receptors are 

pentameric receptors belonging to the cys-loop family of ion channels.  Each 

individual subunit consists of a large N-terminal extracellular domain, four 

transmembrane (TM) domains and a large intracellular loop between TM 

domains three and four (Dani and Bertrand, 2007; Albuquerque et al., 2009).  

These receptors are activated endogenously by acetylcholine and many 



	  

	  

6 

subtypes are also activated exogenously by nicotine.  Whereas short exposures 

to these agonists will open the receptor, prolonged exposure will often lead to 

inactivation by desensitization (Giniatullin et al., 2005).  All vertebrate 

acetylcholine receptors are cation channels with certain subunit compositions 

allowing the influx of large amounts of Ca2+ (Vernino et al., 1992).   

Previous work has found that the TM2 domain is the pore lining domain of 

acetylcholine receptors, and that mutations in key residues of the TM2 domain 

have dramatic effects on receptor properties (Leonard et al., 1988; Bouzat and 

Barrantes, 1997).   Specifically, there are a series of hydrophobic residues lining 

the pore in the middle of the TM2 domain that are believed to form the pore gate 

(Miyazawa et al., 2003).  When these residues are mutated the resultant receptor 

shows an increased agonist sensitivity and decreased desensitization (Revah et 

al., 1991; Briggs et al., 1999).  In vivo these mutations can have dramatic gain of 

function effects and have been implicated in cell degeneration, congenital 

myasthenic syndrome, and ADNFLE (Treinin and Chalfie, 1995; Engel et al., 

1996; Marini and Guerrini, 2007; Barbagallo et al., 2010).  All identified gene 

mutations in ADNFLE to date have been in acetylcholine receptor subunits α2, 

α4 and β2 (Marini and Guerrini, 2007).  Recordings from these mutant receptor 

subunits in vitro have shown that they cause an increase in agonist sensitivity 

(Moulard et al., 2001) and a decrease in Ca2+ dependence (Rodrigues-Pinguet et 

al., 2003).  While the exact network changes these mutations cause in human 

epilepsy are still unknown (Combi et al., 2004), work on mouse models has 

shown an increase in GABAergic transmission (Klaassen et al., 2006). 
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The C. elegans Locomotor Circuit 

The nematode C. elegans has numerous features that make it an 

advantageous model system.  C. elegans has a life cycle of approximately 3 ½ 

days allowing for the rapid generation of adult worms, as well as being amenable 

to large scale forward genetic screens by mutagenesis (Brenner, 1974).  

Additionally, C. elegans has a relatively simple nervous system with only 302 

neurons being present in the adult hermaphrodite (Sulston and Horvitz, 1977), 

and a complete serial EM reconstruction of the nervous system available (White 

et al., 1986).  Despite this simplicity a large number of neuronal genes are 

conserved between C. elegans and mammals and many of the same 

neurotransmitter systems are utilized (Bargmann, 1998). 

In the lab environment C. elegans locomotion occurs when worms lie on 

their side on agar plates, and propel their body forward through a series of waves 

formed by successive contraction and relaxation of dorsal and ventral body wall 

muscles (de Bono and Maricq, 2005).  This pattern of contraction and relaxation 

is due in part to the presence of inhibitory neuromuscular junctions in C. elegans 

(Chalfie and White, 1988; Richmond and Jorgensen, 1999).  The locomotor 

circuit is believed to work through a “cross-inhibition model” where the excitatory, 

cholinergic, motor neurons form dyadic synapses onto the ipsilateral muscle and 

inhibitory, GABAergic, motor neurons that synapses onto the contralateral 

muscle (White et al., 1976, 1986).  Removing the inhibitory component of this 

circuit, through mutations affecting GABAergic signaling, leads to a “shrinker” 
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phenotype marked by a full body contraction in response to touch (McIntire et al., 

1993). The presence of both excitatory and inhibitory transmission in a relatively 

simple circuit give the C. elegans locomotor circuit the potential to be an 

excellent model for studying the mechanisms of balancing excitation and 

inhibition in neuronal circuits in vivo. 

 

Summary 

 In this dissertation I will describe my work on characterizing a gain of 

function acetylcholine receptor mutant, acr-2(gf), that causes whole body muscle 

contractions in C. elegans, and follow up studies using this mutant to better 

understand how excitation and inhibition balance is maintained.  In Chapter 2 I 

will describe work on characterizing this mutation and the use of a genetic screen 

to identify the components of the ACR-2 receptor.  In Chapter 3 I will describe 

work on uncovering the role of TRPM channels and systemic ion homeostasis in 

controlling excitation and inhibition balance.  Lastly, in Chapter 4 I will discuss 

how neuropeptides modulate the locomotor circuit to influence convulsions. 
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CHAPTER 2 

A neuronal acetylcholine receptor regulates the balance of 
muscle excitation and inhibition in Caenorhabditis elegans 

 
Abstract  

In the nematode Caenorhabditis elegans, the cholinergic motor neurons 

stimulate muscle contraction, as well as activate GABAergic motor neurons that 

inhibit contraction of the contralateral muscles.  Here, we describe the 

composition of an ionotropic receptor that is required to maintain excitation of the 

cholinergic motor neurons.  We identified a gain-of-function mutation that leads to 

spontaneous muscle convulsions.  The mutation is in the pore domain of the 

ACR-2 acetylcholine receptor subunit and is identical to a hyperactivating 

mutation in the muscle receptor of patients with myasthenia gravis.  Screens for 

suppressors of the convulsion phenotype led to the identification of other 

receptor subunits.  Cell-specific rescue experiments indicate that these subunits 

function in the cholinergic motor neurons.  Expression of these subunits in 

Xenopus oocytes demonstrates that the functional receptor is comprised of three 

α-subunits, UNC-38, UNC-63 and ACR-12 and two non-α-subunits, ACR-2 and 

ACR-3.  Although this receptor exhibits a partially overlapping subunit 

composition with the C. elegans muscle receptor, it shows distinct pharmacology.  

Recordings from intact animals demonstrate that loss-of-function mutations in 

acr-2 reduce the excitability of the cholinergic motor neurons.  By contrast, the 

acr-2(gf) mutation leads to a hyperactivation of cholinergic motor neurons and an 

inactivation of downstream GABAergic motor neurons in a calcium dependent 
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manner.  Presumably, this imbalance between excitatory and inhibitory input into 

muscles leads to convulsions.  These data indicate that the ACR-2 receptor is 

important for the coordinated excitation and inhibition of body muscles underlying 

sinusoidal movement.   

 

Introduction  

Acetylcholine activates ligand-gated ion channels in muscles and is a 

major neurotransmitter in the brain, modulating a variety of cognitive and 

addictive behaviors (Albuquerque et al., 2009).  Ionotropic acetylcholine channels 

result from the assembly of five individual subunits.  Each subunit has four 

membrane-spanning domains, with the second transmembrane (TM2) domain 

lining the pore of the channel.  Subunits assemble to form a pentameric channel; 

some subunits, such as α7, can form homo-pentameric channels (Drisdel and 

Green, 2000); but most receptors are heteromeric  (Lindstrom, 2000).  For 

example, the well-studied muscle receptor in mammals contains two ligand-

binding α subunits and three non-α subunits (Karlin, 2002; Unwin, 2005).  The 

subunit composition of a channel and the identity of the pore-lining residues are 

crucial for ion selectivity, gating, desensitization, ligand affinity, and 

pharmacology.  Because of the diversity of acetylcholine receptor subunits and 

promiscuous assembly under nonnative conditions, it remains a major challenge 

to define the in vivo compositions and consequently the cell-specific functions of 

acetylcholine-gated channels.  
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The genome of the nematode C. elegans encodes 29 acetylcholine 

receptor subunits (Jones et al., 2007; Rand, 2007).  The most well-studied 

receptor is the levamisole-sensitive receptor expressed in the body muscle.  The 

levamisole-sensitive receptor is composed of three α subunits, UNC-38, UNC-63 

and LEV-8, and two non-α subunits, UNC-29 and LEV-1 (Lewis et al., 1980; 

Fleming et al., 1997; Culetto et al., 2004; Towers et al., 2005; Brown et al., 2006; 

Rand, 2007; Boulin et al., 2008).  This receptor functions as the main excitatory 

postsynaptic receptor at neuromuscular junctions.  Genome-wide transgene 

expression studies indicate that a large number of acetylcholine receptor 

subunits are expressed in neurons (Jones and Sattelle, 2004).  However, 

candidate null mutations for many acetylcholine receptor subunits cause few 

discernable defects.  The roles and compositions of most neuronal acetylcholine 

receptors remain unknown, and reconstitution experiments have not been 

performed.  

In this study, we identify all five subunits of a neuronal acetylcholine 

receptor and characterize its function in a neural circuit controlling C. elegans 

locomotion.  Our approach relied on a mutatnt strain exhibiting severe 

convulsions due to overstimulation of the muscles.  Molecular characterization 

demonstrated that this mutant strain possessed an activating mutation in an 

acetylcholine receptor subunit, ACR-2.  We identified the other components of 

the ACR-2 receptor by screening for second-site mutations that ameliorated the 

convulsive phenotype.  Combined with cell-type expression studies and receptor 

reconstitution in Xenopus oocytes, these data led to a complete description of the 
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subunit composition of a neuronal acetylcholine receptor.  We further 

demonstrated that the ACR-2 receptor functions to maintain excitability of the 

cholinergic neurons, by recording synaptic activity in the null and activated 

mutants.  The hyperactivating ACR-2 mutation leads to enhanced 

neurotransmitter release from cholinergic motor neurons, and intriguingly, an 

inactivation of the GABAergic motor neurons that receive inputs from the 

cholinergic motor neurons.  The imbalance in the excitation and inhibition within 

the motor circuits disrupts coordinated body muscle contraction. 

 

Results 

An activated acetylcholine receptor subunit 

 C. elegans crawls by generating a sinusoidal wave that is propagated from 

the head to the tail.  These contractions are generated by acetylcholine released 

from ventral cord motor neurons.  The cholinergic motor neurons form dyadic 

synapses, simultaneously innervating the musculature and GABAergic motor 

neurons (White et al., 1976).  The GABAergic motor neurons form 

neuromuscular junctions on the opposite side of the animal and thereby relax 

muscles on the opposite side of the body.  In the absence of GABAergic 

neurotransmission C. elegans hypercontract or “shrink” when stimulated to move 

by gentle touch (McIntire et al., 1993).  We isolated the mutation n2420 in a 

screen for mutants that shrink in response to gentle touch. However, n2420 

worms have an additional phenotype not expressed by classic shrinker mutants: 

they shrink spontaneously, referred to here as a “convulsion.”  Thus, the mutant 
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combines the classic phenotype of a loss of GABA function with spontaneous 

activation of muscle contraction. The convulsion phenotype is recessive, 

although n2420 is a semidominant gain-of-function mutation (described below). 

We mapped n2420 between lon-2 and unc-6 on chromosome X (Figure 2. 

1A).  Microinjection of the cosmid C46C10 rescued both the spontaneous 

convulsions and uncoordinated behavior of acr-2(n2420) animals. The rescuing 

activity was further narrowed to a 10 kb DNA fragment containing the acr-2 gene 

(Figure 2.1B). The acr-2 gene encodes a 580 amino acid subunit of an ionotropic 

acetylcholine receptor (Squire et al., 1995).  acr-2 is the upstream gene in an 

operon, with the closely related gene acr-3 immediately downstream (Figure 

2.1B) (Baylis et al., 1997).  ACR-2 and ACR-3 are non-α subunits in the 

heteromeric receptor clade. They are closely related to the UNC-29 and LEV-1 

subunits of the levamisole-sensitive receptor and more distantly to the vertebrate 

heteromeric receptor subunits (Figure 2.1C).  

The molecular lesion of acr-2(n2420) is consistent with its being a gain-of-

function mutation in the ion channel. The mutation in n2420 results in a valine 

309 to methionine substitution, which is at the 13’ position in the pore-forming 

TM2 domain of the ACR-2 subunit (TM2 numbering scheme as in (Charnet et al., 

1990)) (Figure 2.1 D).  The 13’ position is thought to line the pore and contribute 

to ion selectivity (Keramidas et al., 2004).  A similar mutation at the 13’ position 

leads to neurodegeneration in the neuronal acetylcholine receptor DEG-3 

(Treinin and Chalfie, 1995).  A corresponding mutation in the β-subunit of the 

muscle acetylcholine receptor is found in human patients with myasthenia gravis 
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(Engel et al., 1996).  This substitution generates a receptor with increased 

sensitivity to acetylcholine, prolonged open times and spontaneous activity in the 

absence of acetylcholine (Engel et al., 1996).  The pharmacological responses of 

the n2420 strain are consistent with an activation mutation in an acetylcholine 

receptor.  The convulsions were reversibly suppressed by mecamylamine (Figure 

2.2A), a noncompetitive open-channel blocker (Varanda et al., 1985).  The 

mutant animals were hypersensitive to aldicarb (Figure 2.2B), an 

acetylcholinesterase inhibitor that prolongs endogenous acetylcholine stability in 

the synaptic cleft (Rand, 2007).  acr-2(n2420) animals were also hypersensitive 

to the acetylcholine agonist levamisole (Figure 2.2C), which activates a class of 

acetylcholine receptors expressed on nematode muscles.  The hypersensitivity to 

both aldicarb and levamisole has been observed in several mutants that exhibit 

an increased level of acetylcholine release or a reduced level of GABA release 

onto the muscle (Vashlishan et al., 2008). 

The n2420 mutation genetically behaves as a weak semidominant 

mutation. Heterozygous n2420 animals (n2420/+) are slightly uncoordinated 

when moving backward.  Nevertheless, the convulsion phenotype of n2420 

mutants is recessive (Figure 2.2D).  Homozygotes of n2420 contract 

spontaneously at a frequency of 9 ± 1 convulsions per minute, whereas 

heterozygotes of n2420/+ do not exhibit convulsions.  In fact, animals that are 

heterozygous for acr-2(n2420) and a null mutation (Figure 2.2D) also lack 

spontaneous convulsions.  The convulsion behavior is not observed in young 

larvae and is first visible at the L3 stage (Figure 2.2E). 
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ACR-2 regulates excitation of cholinergic motor neurons  

To determine the site of action of acr-2, we constructed transcriptional 

reporter genes by placing the fluorescent proteins GFP or mCherry under the 

control of a 3.5 kb or a 1.8 kb acr-2 promoter.  Both promoters drove expression 

predominantly in the neurons of the ventral cord from L1 larvae to adults (Figure 

2.3A).  Based on their birth times, numbers, positions and axon morphologies, 

these neurons were determined to be cholinergic motor neurons of the VA, VB, 

DA, and DB classes, and not the AS and VC classes (White et al., 1986).  GFP 

expression driven by the longer acr-2 promoter was frequently seen in the PVQ 

and DVC neurons in the tail and was infrequently observed in a few head 

neurons (Figure 2.3A).  Co-expression with reporter genes for GABA neurons 

and interneurons confirmed that the acr-2 transcriptional reporters were not 

expressed in the ventral cord GABAergic motor neurons or in the interneurons 

expressing glr-1 or nmr-1 (Figure 2.3B).  The acr-2(n2420gf) convulsion defect 

was not rescued when we expressed the ACR-2 protein in the GABA neurons 

(Figure 2.3C).  Expression of an acr-2 mini-gene in which the genomic 

sequences from exon 2 through 3’ UTR was replaced by acr-2 cDNA, driven 

under the 1.8 kb short promoter, could rescue the convulsion defect to a similar 

degree as the full-length acr-2 (Figure 3C).  These data suggest that ACR-2 

functions in the cholinergic ventral cord motor neurons.  

We next sought to obtain null mutations in acr-2 by performing a genetic 

screen for suppressors of acr-2(n2420gf) convulsions (see Materials and 
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Methods).  We identified 30 suppressors that exhibited dominant suppression of 

the convulsion phenotype (Figure 2.2D).  They were mapped to the X 

chromosome and were found to be tightly linked to acr-2(n2420gf).  Sequencing 

of the DNA revealed that 26 of these linked suppressors contained mutations in 

the acr-2 gene itself (Figure 2.4A, 2.5, Table 2.1).  Mutations in the other four 

linked suppressor strains have not yet been identified in the acr-2 or in the 

immediately downstream acr-3 open reading frames. The identification of acr-2 

intragenic second-site suppressor mutations further supports the conclusion that 

acr-2(n2420gf) results in a hyperactive receptor.  

The analysis of the molecular lesions in the acr-2 intragenic mutations 

indicates that eight are likely to be strong loss-of-function or null mutations, since 

they introduce stop codons or alter splice junctions that would result in truncated 

or non-functional products.  For example, two independent isolates (n2595, 

n2651) introduce an opal stop at Trp175 about halfway through the extracellular 

domain (Figure 2.4A, 2.5), likely representing null mutations in acr-2.  Among the 

other 16 intragenic revertants with amino acid substitutions, 13 affect amino acid 

residues in the extracellular domain (Figure 2.4A).  Some of these mutations alter 

candidate ligand-binding residues (such as n2603 and n2581), consistent with 

the idea that these intragenic revertants abolish the activity of acr-2(n2420gf). 

Two intragenic mutations (n2594 and n2604) are located in the M2-M3 linker, a 

region that affects gating of acetylcholine receptors (Lee et al., 2008).  

The acr-2 loss-of-function mutants are healthy but exhibit slightly sluggish 

locomotion. The speed of young adult animals was determined using a worm-
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tracking system. The average velocity of acr-2(n2595 n2420) worms was 

reduced by 28% compared to that of the wild type (Figure 2.4B). This defect was 

not caused by background mutations, since this phenotype could be rescued by 

a wild-type transgene. We also obtained a deletion allele acr-2(ok1887) that 

removes the 5' region of the gene (Figure 2.4A).  By movement, acr-2(ok1887) 

was indistinguishable from acr-2(n2595 n2420).  Both acr-2(n2595 n2420) and 

acr-2(ok1887) mutants were fully sensitive to levamisole, the muscle receptor 

agonist, but were moderately resistant to aldicarb (Figure 2.2B,C).  These data 

suggest an impairment in acetylcholine release in acr-2 null mutants.   

To determine the nature of the synaptic defect in acr-2 null mutants, we 

performed patch-clamp recordings of the muscle under voltage-clamp conditions. 

Acetylcholine release was monitored by quantifying miniature postsynaptic 

currents (“minis”).  Each miniature current is caused by neurotransmitter release 

from a single, or very few, synaptic vesicles from a motor neuron. Under 

standard conditions, acetylcholine and GABA currents are isolated 

pharmacologically (Richmond and Jorgensen, 1999); however, we wished to 

preserve interactions between acetylcholine and GABAergic motor neurons, so 

we used recording conditions in which these inputs into muscles could be 

distinguished without resorting to the use of drugs. Specifically, intracellular 

solutions were used in which the equilibrium potential for chloride was -59 mV 

and the equilibrium potential for cations was 0 mV (see Materials and Methods). 

At -60 mV acetylcholine-induced minis would be inward currents, and GABA-

induced minis not distinguishable, whereas at -10 mV GABA-induced minis 
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would be outward currents, and acetylcholine-induced minis would be very small 

inward currents.  In the presence of 2 mM calcium in the external solution, the 

frequency of acetylcholine minis was reduced to 60% in acr-2(n2595 n2420) 

mutants and 62% in acr-2(ok1887) mutants compared to that of the wild type 

(Figure 2.4C,D; data not shown).  In addition, GABA mini frequency was reduced 

to 70% in acr-2(n2595 n2420) and 67% in acr-2(ok1887) mutants compared to 

the wild type although this reduction did not reach significance (Figure 2.4C,D; 

data not shown).  The amplitude of minis remained unchanged in both mutants 

(data not shown).  These results indicate that in the absence of acr-2 function, 

neurotransmission from the cholinergic motor neurons is impaired, leading to a 

weak defect in locomotion.  The cholinergic motor neurons form synapses onto 

the GABAergic motor neurons (White et al., 1976).  The mild effect on GABA 

neurotransmission might be an indirect effect of reduced excitation from the 

cholinergic motor neurons. 

  

acr-2 gain-of-function increases acetylcholine and decreases GABA 

transmission  

Since loss of acr-2 function causes a decrease in cholinergic motor 

neuron activity, then it is likely that the gain-of-function mutation hyperactivates 

cholinergic neurons.  The hypersensitivity of acr-2(n2420gf) animals to aldicarb 

(Figure 2.2B) is consistent with this idea. Our recordings of endogenous mini 

currents in the dissected preparation supported this prediction, but we also found 

that hyperactivity of the cholinergic neurons was highly sensitive to calcium.  We 
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recorded the frequency of acetylcholine-induced mini currents at three 

concentrations of calcium: 0.5 mM, 2 mM and 5 mM.  At 0.5 mM calcium the 

acetylcholine mini frequency in acr-2(n2420gf) animals was 150% compared to 

the wild type (Figure 2.6A), demonstrating that the altered pore domain of this 

mutant receptor caused an increase in activity in cholinergic neurons. In 2 mM 

extracellular calcium, the frequency of acetylcholine minis in acr-2(n2420gf) was 

not increased but was similar to the wild type (Figure 2.6B).  At 5 mM calcium, 

mini frequency in the acr-2(n2420gf) acetylcholine neurons was reduced to 30% 

compared to the wild type (Figure 2.6C). Thus, in acr-2(n2420gf) animals the 

cholinergic neurons are more active than those in the wild type at low levels of 

calcium, but these motor neurons are inhibited at very high levels of calcium in 

the mutant.  No discernable abnormalities in morphology and synapses of the 

cholinergic motor neurons were observed in acr-2(n2420gf) animals (Figure 2.7).  

Hyperactive acetylcholine neurotransmission is a likely cause of the spontaneous 

muscle contractions observed in the gain-of-function acr-2 mutant.  

In addition to spontaneous muscle contraction, acr-2(n2420gf) mutants 

behave as though they are impaired for GABA transmission, that is, they shrink 

when touched. The shrinking behavior could be the result of GABA neuron 

developmental defects (Schuske et al., 2004).  Neurogenesis and axon 

morphology was normal based on GFP expression in the GABAergic neurons 

(data not shown). Synaptic development was assayed by quantifying synaptic 

varicosities in the GABAergic motor neurons.  Synaptic vesicle clusters were 

marked by expressing GFP-tagged synaptobrevin in the GABAergic neurons and 
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fluorescent puncta along the ventral cord were counted. The number of 

fluorescent clusters was similar in acr-2(n2420gf) animals and the wild type 

(Figure 2.8), suggesting that there is no gross morphological defect of GABA 

neuromuscular junctions. 

We assayed synaptic function from GABA neuromuscular junctions by 

recording miniature postsynaptic currents in the muscles of acr-2(n2420gf) 

mutants.  Our electrophysiological recordings revealed a reduction in GABA 

neurotransmission in the gain-of-function mutant.  However, unlike cholinergic 

motor neurons, the activity of GABAergic motor neurons was reduced at all 

concentrations of calcium tested.  At 0.5 mM calcium, the mini frequency from 

GABA neurons was only slightly reduced in acr-2(n2420gf) animals, 78% 

compared to the wild type (Figure 2.6A).  But at 2 mM or 5 mM calcium the mini 

frequency from GABAergic motor neurons was reduced to about 15% (Figure 

2.6B,C).  This reduction in neurotransmission from GABAergic motor neurons is 

consistent with the shrinking behavior observed in these animals.   

In addition to a reduction in activity from GABAergic motor neurons, the 

shrinking behavior could be caused by a reduction in postsynaptic sensitivity to 

GABA release.  We therefore assayed muscle sensitivity to exogenous GABA to 

determine if postsynaptic GABA responses are normal in acr-2(n2420gf) 

mutants.  We pressure-ejected GABA (100 µM) onto body muscle cells and 

recorded currents from muscle cells of wild-type or acr-2(n2420gf) animals. 

GABA-evoked outward currents were similar in mean amplitude in the mutant 

compared to the wild type (Figure 2.8B), suggesting that GABA receptors are 
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expressed and functional on the membrane of the muscle.  To further determine 

if the receptors are localized to synapses, we measured GABA-mediated mini 

amplitudes, which is a measure of the number of receptors activated by the 

release of GABA from synaptic vesicles at neuromuscular junctions.  Mini 

amplitudes were normal in acr-2(n2420gf) mutants (Figure 2.8C), suggesting that 

clustering and function of postsynaptic GABA receptors are normal in acr-

2(n2420gf) mutants.  From these results, we inferred that postsynaptic response 

to GABA is normal, but that neurotransmitter release from the GABAergic motor 

neuron is impaired in acr-2 gain-of-function worms.  Because acr-2 is not 

expressed in GABA neurons, depression of neurotransmission in GABAergic 

neurons is likely to be an indirect effect of hyperactivated cholinergic neurons 

expressing acr-2.   

 

Extragenic suppressors of acr-2(n2420gf) identify a neuronal acetylcholine 

receptor  

ACR-2 is a non-α subunit and must interact with other subunits to form a 

functional receptor.  To identify the partners of acr-2, we analyzed extragenic 

suppressor mutations of acr-2(n2420gf) (see Materials and Methods).  Ten 

recessive suppressor mutations were linked to chromosome X and fully 

suppressed convulsions of the acr-2(n2420gf) strain.  The mutants exhibited no 

obvious movement defects when separated from the acr-2 gain-of-function 

mutation.  We mapped one of these mutations to a region between +11.80 and 

+12.73 (see Materials and Methods).  Within this interval is the acr-12 gene, 
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which encodes an acetylcholine receptor α subunit that is most similar to the 

LEV-8 (ACR-13) acetylcholine receptor subunit (Figure 2.1C).  Analysis of the 

DNA sequence revealed that all ten suppressors contained missense or 

nonsense mutations in acr-12 (Figure 2.9A).  An acr-12(ok367) deletion mutation 

that  removes a large part of the protein also fully suppressed acr-2(n2420gf) 

convulsions (Figure 2.9A,C).  Furthermore, microinjection of a genomic fragment 

containing the wild-type acr-12 gene into the suppressed acr-2(n2420gf) acr-

12(ok367) strain restored the convulsive phenotype in transgenic animals (Figure 

2.9C), thereby confirming the identification of the acr-12 gene as the suppressor 

locus.  

Nine extragenic suppressor mutations caused sluggish movement when 

separated from acr-2(n2420gf), and the mutant animals were resistant to the 

acetylcholine agonist levamisole (Table 2.1).  These mutations fully suppressed 

the convulsions of acr-2(n2420gf) mutants (Figure 2.9B), but the double mutants 

remained uncoordinated and resistant to levamisole (Table 2.1, and data not 

shown).  Genetic mapping, complementation tests and DNA sequence analyses 

demonstrated that these nine mutations were alleles of two α subunits, unc-38 

and unc-63, and of two genes required for transport of acetylcholine receptors to 

the cell surface, unc-50 and unc-74 (Table 2.1) (Lewis et al., 1980; Eimer et al., 

2007) (D. Williams and E.M.J., unpublished data). 

Multiple lines of evidence indicate that the cellular focus of the ACR-2 and 

the other acetylcholine receptor subunits is in the cholinergic motor neurons and 

not in the muscles.  First, the other subunit genes that contribute to the 
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levamisole-sensitive receptor in the muscle, lev-8, unc-29 and lev-1, were not 

identified in the suppressor screen, and mutations in these genes indeed did not 

suppress the acr-2(n2420gf) phenotype in double mutants (Figure 2.9B).  

Second, mutations in the nicotine-sensitive receptor acr-16 did not suppress acr-

2(n2420gf) (Figure 2.9B).  Third, specific expression of unc-63 cDNA in 

acetylcholine neurons driven by the 1.8 kb acr-2 promoter, but not in muscles (by 

the myo-3 promoter) or in GABA neurons (by the unc-25 promoter), restored 

convulsions in unc-63(lf); acr-2(n2420gf) double mutants (Figure 2.9C).  Fourth, 

acr-12 is expressed in neurons but not muscles (Cinar et al., 2005; Gottschalk et 

al., 2005).  Specific expression of acr-12 in the cholinergic motor neurons but not 

GABAergic motor neurons restored convulsions in acr-2(n2420gf) acr-12(ok367) 

double mutants (Figure 2.9C). Last, we tested mutations in other neuronally-

expressed acetylcholine receptor subunits, including acr-5, acr-9, acr-14, and 

acr-19, and found that none of them suppressed acr-2(n2420gf) (Figure 2.9B and 

data not shown).  Together, these results support the conclusion that UNC-38, 

UNC-63, ACR-12 and ACR-2 are components of a receptor that functions in the 

cholinergic motor neurons.  

 

Reconstitution of an ACR-2-containing acetylcholine receptor in Xenopus 

oocytes 

To further verify the subunit composition of the ACR-2-containing receptor 

(referred to as ACR-2R) and characterize its pharmacology, we performed 

reconstitution experiments using Xenopus oocytes.  Previous attempts to 
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reconstitute C. elegans levamisole-sensitive acetylcholine receptors in Xenopus 

oocytes demonstrated that the requirements for functional expression in vitro 

recapitulate genetic requirements in vivo (Boulin et al., 2008).  Specifically, the 

ancillary proteins UNC-50 and UNC-74, and RIC-3, which are involved in the 

assembly and trafficking of levamisole-sensitive acetylcholine receptors in worms 

(Halevi et al., 2002), are required for function of levamisole-sensitive 

acetylcholine receptors in oocytes.  The finding that loss of function mutations in 

unc-50 and unc-74 suppress acr-2(n2420gf) suggests that these two ancillary 

proteins also function in ACR-2R assembly and trafficking.  ric-3 animals were 

not identified in the acr-2(n2420gf) suppressor screen, likely because these 

animals are severely uncoordinated and unhealthy.  We therefore constructed 

ric-3; acr-2(n2420gf) double mutants and found that the convulsion frequency 

was dramatically reduced (Figure 2.9B), indicating a requirement of ric-3 for acr-

2(n2420gf) function.  Consequently, we co-injected cRNAs for acr-2, acr-12, unc-

38, unc-63, together with unc-50, unc-74 and ric-3 cRNAs at equal molar ratios.  

This experiment yielded little or no current (Figure 2.10D), suggesting that a 

factor was missing.  Since the closely related acetylcholine receptor subunit acr-3 

is part of the acr-2 operon (Figure 2.1B,C), it is likely that the ACR-2 and ACR-3 

subunits are coexpressed in the same cells.  When the acr-3 cRNA was added to 

the previous injection mix, robust expression of an acetylcholine-gated ion 

channel was observed (Figure 2.10A,D). Pharmacological characterization 

demonstrated that the ACR-2R channel was weakly activated by nicotine and 

DMPP and almost completely insensitive to levamisole or choline, and was 
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efficiently blocked by mecamylamine (Figure 2.10A,C).  The estimated median 

effective concentration (EC50) of the ACR-2R receptor was 14.1±1.2 µM (Figure 

2.10E).  

To further analyze the impact of the acr-2(n2420gf) mutation on receptor 

physiology, we replaced the wild-type cRNA of acr-2 with a cRNA carrying the 

n2420 mutation and analyzed the mutant receptor (referred as ACR-2(V13'M)R).  

Introduction of this point mutation caused a 14-fold increase in current compared 

to the wild-type ACR-2 subunit (Figure 2.10D).  The pharmacological profile of 

the ACR-2(V13'M) receptor was also modified: 1) response to 100 µM DMPP 

was strongly increased, and 2) choline and levamisole caused modest receptor 

activation (Figure 2.10B,C).  However, the acetylcholine EC50 was not 

significantly changed (17.8±1.4 µM; Figure 2.10E), and no leak current could be 

recorded.  The ACR-2(V13’M) receptor remained fully blocked by 

mecamylamine, in agreement with the suppression of convulsions of acr-

2(n2420gf) by this drug (Figure 2.2A). 

acr-3 was required in oocytes for expression of ACR-2R receptors, but 

acr-3 was not identified as an extragenic suppressor of acr-2(n2420gf).  

Moreover, a loss-of-function mutation in acr-3 did not affect the convulsion 

behavior caused by transgenic expression of acr-2(V13’M) (data not shown).  

Hence, we analyzed the properties of a putative ACR-2(V13'M) receptor missing 

ACR-3.  Removing acr-3 cRNA from the injection mix only partially reduced the 

average current size, which remained almost 4-fold higher than what we 

observed with the full complement of wild-type subunits (Figure 2.10D).  This 
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finding likely explains why eliminating acr-3 in an acr-2(n2420gf) gain-of-function 

background would not lower the convulsion phenotype enough for it to be 

identified in our suppressor screen.  In summary, our oocyte reconstitution 

studies identified the complete molecular composition of ACR-2 channel and 

demonstrated that it is a bona fide acetylcholine receptor.  

 

Discussion  

The vast number and overlapping expression of acetylcholine receptor 

subunits make it challenging to decipher the in vivo composition of functional 

acetylcholine channels.  By analyzing suppressor mutations of an activated ACR-

2 acetylcholine receptor, we were able to define the components of this neuronal 

acetylcholine receptor.  Our studies reveal four aspects of acetylcholine receptor 

function in C. elegans. First, pharmacology and function of acetylcholine 

receptors is the result of combinatorial subunit assembly in neurons and 

muscles.  Second, a gain-of-function mutation in the pore domain of the neuronal 

receptor affects the pharmacology of the channel.  Third, the ACR-2 neuronal 

receptor maintains motor neuron excitability in locomotion.  Fourth, the 

physiological consequences of the gain-of-function receptor have revealed an 

unexpected inhibitory relationship between the acetylcholine and GABAergic 

motor neurons within the motor circuit.   

 

Composition and characteristics of the ACR-2 acetylcholine receptor  

The ACR-2-containing acetylcholine receptor in neurons is closely related 
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to the levamisole-sensitive acetylcholine receptor that functions in C. elegans 

body muscle.  Both receptors contain five distinct subunits, including three α and 

two non-α subunits. The UNC-38 and UNC-63 α-subunits are common to both 

receptors, yet the pharmacological profiles of the two receptors are very distinct 

(Table 2.2).  ACR-2R receptors are slightly more sensitive to acetylcholine than 

levamisole-sensitive receptors, with an EC50 of 14 mM as compared to 26 mM 

respectively (this study and (Boulin et al., 2008)). Strikingly, levamisole has no 

effect on the ACR-2R neuronal receptor but potently activates the levamisole-

sensitive muscle receptor.  Nicotine weakly activates ACR-2R receptor but 

inhibits the levamisole receptor (this study and (Boulin et al., 2008)).  In 

ionotropic acetylcholine receptors, agonist binding sites are formed at the 

interface between the (+) side of an α subunit and the (-) side of the adjacent 

subunit (Karlin, 2002; Unwin, 2005).  Binding sites for non-competitive agonists 

and antagonists have also been identified at the non-α(+)/α(-) subunit interface 

(Hansen and Taylor, 2007).  If UNC-38 and UNC-63 are not adjacent within 

receptor pentamers, the unique subunits (Table 2.2) will modify the 

complementary surface of each binding site and change the binding pocket and 

transduction residues for these drugs.  

 

Effects of V13’M mutation on ACR-2R channel activity  

The gain-of-function mutation in acr-2 changes a valine to a methionine at 

the 13’ position of the pore-forming transmembrane domain of the ACR-2 

subunit.  The 13’ position is in the upper half of the lumen and faces the pore 
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(Keramidas et al., 2004).  A valine residue at this position is highly conserved in 

acetylcholine receptors, suggesting that it is important for proper receptor 

function.  A V13'M mutation in the β1 subunit of the human muscle acetylcholine 

receptor causes myasthenia gravis (Engel et al., 1996).  When expressed in HEK 

cells, the receptors containing the β1(V13’M) subunit exhibited higher 

acetylcholine affinity than the wild-type receptor (Engel et al., 1996).  Single-

channel recording indicated that the mutant channel had longer open times and 

spontaneous openings.  Patients with the hyperactive receptor displayed 

progressive degeneration of muscle end-plates that characterizes the myasthenic 

syndrome.  The importance of the valine residue at position 13' was also 

investigated in the chick α7 subunit.  This subunit forms a homomeric nicotinic 

receptor that can be efficiently expressed in Xenopus oocytes.  Mutating this 

valine into a threonine causes an almost ten-fold increase in the mean current 

amplitude and a 100-fold increase in the acetylcholine affinity (Galzi et al., 1992). 

Since this mutation affects a residue facing the pore lumen, increased current 

amplitude could arise simply from changed channel conductance.  However, the 

single V13'T point mutation in the α7 subunit has pleiotropic effects.  Specifically, 

multiple channel conductances were identified; moreover, the competitive 

antagonist DHβE was converted into a partial agonist (Galzi et al., 1992). These 

effects were interpreted as a change in the allosteric states of the channel as it 

transitions to the desensitized state (Galzi et al., 1996).  The V13'M mutation in 

the ACR-2 subunit causes similar defects.  Recording of ACR-2R expressed in 

Xenopus oocytes shows that mutating this valine caused a dramatic increase in 
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currents, similar to the chick α7 subunit.  ACR-2R receptor pharmacology is also 

changed; DMPP elicits larger currents from the mutant channel than the wild-type 

channel, whereas activation by nicotine is unafffected.  These phenotypes cannot 

be explained by a simple change in efficiency of receptor assembly or increased 

channel conductance but rather suggest that changes to the pore affect dynamic 

transitions throughout the receptor.   

Characterization of the acr-2(n2420gf) mutant animals suggest that  the 

ACR-2(V13’M) subunit generates a hyperactive channel in vivo.  Worms 

expressing the ACR-2(V13’M) subunit exhibit spontaneous convulsions, which 

can be reversed by the channel blocker mecamylamine.  In addition, convulsions 

can be suppressed by null mutations in genes encoding any of the subunits of 

the receptor except the acr-3 gene.  The non-essential role of ACR-3 can be 

explained by the observation that a functional channel is formed in the absence 

of ACR-3 when the ACR-2 subunit contains the V13'M mutation.  Although the 

mutant ACR-2(V13’M) channel is less active if it lacks the ACR-3 subunit, it is still 

almost 4 times more active than the wild-type receptor.  The valine at the 13’ 

position of the pore in the chick α7 acetylcholine receptor limits calcium influx 

(Bertrand et al., 1993; Keramidas et al., 2004).  Our recordings from the acr-

2(n2420gf) mutant animals also show that neuronal activity involving ACR-

2(V13'M)R is hypersensitive to calcium levels.  Thus, in vivo, the ACR-2(V13’M) 

gain-of-function channel might result in increased excitability of the neurons and 

increased calcium influx, which could have broader effects due to the action of 

calcium as a second messenger. 
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ACR-2 channel functions to maintain the excitability of the cholinergic 

motor neurons 

ACR-2 is expressed and functions in the ventral cord cholinergic motor 

neurons that provide the major excitatory inputs to the body muscles involved in 

locomotion.  Of these motor neurons, VA and VB innervate the ventral muscles, 

and DA and DB innervate the dorsal muscles (White et al., 1976).  These motor 

neurons are required for the sinusoidal posture and locomotion of the worm. 

Animals lacking ACR-2 are still capable of locomotion, but they move more 

slowly.  Our electrophysiological recordings from muscles demonstrate that the 

ACR-2 receptor is required to maintain normal levels of excitation in the 

cholinergic motor neurons.  The cholinergic motor neurons showed reduced 

neurotransmitter release in acr-2(lf) animals, whereas these motor neurons in 

acr-2(n2420gf) animals displayed normal morphology and increased 

neurotransmitter release.  ACR-2 could maintain the activity state of these 

neurons by regulating presynaptic release directly, perhaps as an autoreceptor, 

or indirectly through other pathways. 

Our data further provide functional evidence for inputs from cholinergic 

motor neurons onto GABAergic motor neurons.  The GABAergic neurons have 

processes adjacent to acetylcholine neuromuscular junctions and based on 

reconstructions of the nervous system appear to receive input from cholinergic 

motor neurons at dyadic synapses (White et al., 1976).  Our data are consistent 

with a stimulatory input from cholinergic neurons to GABAergic neurons.  In acr-2 
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loss-of-function mutants, a reduction in cholinergic motor neuron activity is 

coupled with a reduction in GABAergic motor neuron activity.  

The gain-of-function mutation in acr-2 also exhibits non-autonomous 

effects on the GABAergic motor neurons.  The acr-2(n2420gf) mutant was 

originally identified because it exhibited a spontaneous shrinking behavior.  

Shrinking typifies mutants with defects in GABA transmission.  Consistent with 

this phenotype, physiological recordings from dissected animals demonstrated 

that GABA transmission was greatly reduced in acr-2(n2420gf) mutants. 

However, other mutants that eliminate GABA function, such as mutations in the 

biosynthetic enzyme for GABA or in the GABA receptors do not exhibit 

spontaneous hypercontractions (Bamber et al., 1999; Jin et al., 1999).  In 

addition, other mutations with hyperactivation of the cholinergic motor neurons, 

such as mutations in Goα or in the calcium-activated K+ channel (Wang et al., 

2001; Vashlishan et al., 2008), do not show the convulsive shrinking behavior.  

The convulsive nature of the acr-2(n2420gf) mutant rather relies on the 

simultaneous activation of the acetylcholine neurons and the non-autonomous 

suppression of activity in the GABAergic motor neurons.  In these mutants, 

homeostatic mechanisms within the motor circuit do not seem to compensate for 

the imbalance; in fact, the imbalance in excitation and inhibition is most severe at 

physiological levels of calcium.  The convulsive behaviors of acr-2(n2420gf) bear 

similarities to the neurological features underlying some forms of epilepsy (Mann 

and Mody, 2008).  In the future, it will be interesting to determine the mode of 
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ACR-2-mediated neurotransmission and how changes in motor circuit properties 

suppress or contribute to such imbalances.  

 

Materials and Methods 

Genetics 

All C. elegans strains were grown at 20°C as described (Brenner, 1974). 

The wild-type strain N2 was mutagenized with EMS following standard 

procedures (Brenner, 1974).  The n2420 mutation was isolated based on its 

shrinker behavior from among the F2 progeny of animals carrying approximately 

6,000 mutagenized haploid genomes. The n2420 mutation was backcrossed 

against N2 multiple times.  It was mapped to the X chromosome by linkage to 

lon-2; also, n2420 males showed spontaneous shrinking behavior.  Further three-

factor mapping placed n2420 between dpy-8 and unc-6. 

Suppressors of n2420 were isolated as follows: 10 EMS-mutagenized 

n2420 L4 P0 animals were placed on a large NGM plate and were transferred to 

fresh plates daily for 2 days.  Young adult F2 animals were collected from each 

P0 plate and placed away from the bacteria food on a new plate.  After 1 hour, 

worms that had crawled into the food were collected.  Only one to two such 

animals per plate were saved to ensure independence of isolates. We screened 

an estimated 120,000 mutagenized haploid genomes. Fifty-three suppressor 

mutants were backcrossed with N2.  A list of the strains containing suppressor 

mutations is in Table 2.1.  We identified those that did not segregate the n2420 

mutant phenotype after backcrossing as presumptive intragenic mutations, for 
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which we determined DNA sequences of the acr-2 locus.  Extragenic suppressor 

mutations segregated n2420-like animals and were grouped into levamisole-

resistant or levamisole-sensitive classes. Complementation tests with known 

levamisole-resistant mutants were performed using standard procedures, and 

DNA sequence determination of the suppressor mutants subsequently confirmed 

gene identities. The acr-12(n2616) mutation was mapped between X:11.80 

(pkP6133) and X:12.73 (pkP6122)  using single-nucleotide polymorphisms 

between the N2 strain and the Hawaiian strain CB4856 (Wicks et al., 2001; Davis 

et al., 2005).  All acr-12 mutations were confirmed by DNA sequence 

determination.   Other double mutants were constructed using standard 

procedures, and genotypes were confirmed by allele sequence determination. 

Information about these strains is shown in Table 2.3.   

 

Molecular biology 

General molecular biology was performed according to Sambrook et al 

(Sambrook et al., 1989).  A pJB8-based cosmid library (Coulson et al., 1986) was 

used in the initial germline transformation rescue of the acr-2(n2420gf) 

phenotype.  Subclones pSC175, pSC176 and pSC178 were generated from the 

rescuing cosmid C46C10 clone.  Cosmid and plasmid DNAs were injected at 10 

ng/mL and 50 ng/mL, respectively, using pRF4 as a coinjection marker following 

standard procedures (Mello et al., 1991).  Multiple independent lines were 

examined for rescue of the convulsion phenotype.  For mutation sequence 

determination, pairs of primers were used to amplify all exons and exon-intron 
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boundaries.  acr-2 cDNAs were isolated by screening a mixed-stage cDNA 

library prepared by P. Okkema, using acr-2 genomic DNA as probe. Four 

independent clones were isolated from 2x106 plaques. Three had similarly sized 

inserts and identical end sequences.  Full sequences of the cDNA 21A clone 

were determined, which confirmed the predicted gene structure of acr-2.   

Transcriptional acr-2 promoter-driven GFP (pSC205) or mCherry 

(pCZGY847) constructs were made using 3.5 kb or 1.8 kb of acr-2 5’ upstream 

sequences, respectively.  The 3.5 kb promoter also included the entire upstream 

gene F38B6.1 and portion of F38B6.2; the 1.8 kb promoter included only the 

promoter region of acr-2.  Punc-25-acr-2 (pSC374) was constructed by replacing 

the acr-2 promoter with the 1 kb unc-25 promoter.  Pacr-12::acr-12 transgenes 

were generated using PCR-amplified acr-12 genomic DNA that included 1.4 kb of 

5’ upstream sequences, the entire coding region, and 0.9 kb of 3’ downstream 

sequences.  unc-63 cDNA was subcloned from pAF55 (Prab-3::unc-63) [48].  

Punc-25-acr-12 (pCZGY745), Pacr-2-acr-12 (pCZGY744), Punc-25-unc-

63(cDNA) (pCZGY745), and Pacr-2-unc-63(cDNA) (pCZGY744) were 

constructed using the Gateway cloning technology (Invitrogen, CA) (Table 2.3). 

The sequences of resulting DNA clones were confirmed.  Transgenic lines were 

generated using either plin-15(+), pRF4, or Pttx-3-XFP as co-injection markers 

(Table 2.3).  Integration of extrachromosomal arrays was performed following 

Trimethyl Psoralen-UV mutagenesis.   
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Quantification of convulsion rates  

Ten to twenty L4 larvae were placed on freshly seeded NGM plates. The 

following day, young adults were transferred to fresh plates and recorded by 

video for 90 seconds, 5 frames per second.  Videos were scored by observers 

blind to genotype.  A “convulsion” was defined as an event involving the nose of 

the worm moving backwards without the tail of the worm moving.  For each 

strain, video observation was performed on worms from at least two independent 

experiments.  

 

Pharmacology analysis   

All drug manipulations were performed according to published procedures 

(Lewis et al., 1980; Treinin and Chalfie, 1995; Rand, 2007).  Drugs were 

purchased from Sigma-Aldrich.  For levamisole and aldicarb assays, one-day old 

adult hermaphrodites were placed on plates containing the drug of chosen 

concentration, and the effects on animal movement were observed at 15- to 30- 

minute intervals.  Animals were scored as paralyzed when no body movements 

were observed in response to poking.  In mecamylamine tests, the effects of the 

drug on acr-2(n2420gf) animals were first assessed using a concentration series 

from 50 µM to 400 µM, and the behavior of acr-2(n2420gf) animals was 

suppressed to nearly wild-type after 5 hours on plates containing 100 µM to 400 

µM.  Quantification of the convulsion rate was performed on one-day old adult 

hermaphrodites.  Animals were first placed on seeded plates with no drug, and 

the convulsion rate was recorded by video as above to set time 0.  The animals 
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were then transferred to seeded plates containing 100 µM mecamylamine, and 

the convulsion rate recorded every 60 minutes for 3 hours.  Animals were then 

transferred to plates containing no drug and recorded by video at 30 minutes 

afterwards.   

 

Worm-tracking assay 

Worm-tracking experiments were performed according to (White et al., 

2007).  Standard NGM plates were prepared with the addition of 0.01% 

bromophenol blue (Sigma-Aldrich) and were allowed to cool for at least 5 hours. 

Plates were then spread with 240 µL of 2% HB101 bacteria in M9 medium and 

were incubated overnight at room temperature. The following day, five gravid 

worms were placed on each plate in a 5-µL drop of M9 medium.  Assays were 

recorded at a frequency of 1 frame/s for 10 minutes, starting when the drops of 

M9 had absorbed. Video images were analyzed using ImageJ software (NIH).  

 

Electrophysiological studies  

Electrophysiological methods were adapted from previous studies 

(Richmond and Jorgensen, 1999; Jospin et al., 2002).  Adult nematodes were 

glued (Histoacryl Bleue, B. Braun) along the dorsal side of the body to the 

surface of a plastic coverslip.  A sharpened tungsten rod (A-M Systems) was 

used to perform a lateral incision and to remove the viscera.  The cuticle flap was 

glued back to expose the ventral medial body wall muscles, and the preparation 



 

 

42 

was treated by collagenase type IV for 20 seconds at a concentration of 0.5 

mg/mL.  

For Figures 2.4, 2.6A,B, membrane currents were recorded in the whole-

cell configuration using an EPC-10 patch-clamp amplifier (HEKA). Acquisition 

and command voltage were controlled using the HEKA Patchmaster software.  

For Figure 2.6C, membrane currents were recorded using a RK-400 patch-clamp 

amplifier (Bio-Logic).  Acquisition and command voltage were controlled using 

the pClamp9 software (Axon Instruments) driving a 1322A Digidata (Axon 

Instruments). Data were analyzed and graphed using Mini Analysis (Synaptosoft) 

and Microcal Origin software (Microcal Software).  The resistance of recording 

pipettes was within 3 - 4.5 MΩ.  Capacitance, resistance and leak current were 

not compensated.  All experiments were performed at room temperature.  

The bath solution contained 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, 10 

mM glucose, 15 mM HEPES and sucrose to 340 mOsm (pH 7.35).  External 

CaCl2 concentration was 0.5, or 2 or 5 mM, as indicated in each figure.  For the 

0.5 mM CaCl2 solution, the concentration of MgCl2 was increased to 4 mM in 

order to help stabilize the membrane (Hille et al., 1975).  The pipette solution 

contained 125 mM K gluconate, 20 mM KOH, 10 mM hepes, 1 mM MgATP, 3 

mM NaATP, 5 mM EGTA, 15 mM KCl and sucrose to 335 mOsm (pH 7.2).  

GABA was diluted to 0.1 mM in the bath solution containing 2 mM CaCl2 and was 

pressure-ejected in the vicinity of muscle cells.  All chemicals were obtained from 

Sigma-Aldrich.   
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Electrophysiological Studies of X. laevis Oocytes  

X. laevis oocytes were prepared, injected, voltage-clamped, and superfused 

according to the procedure described in (Boulin et al., 2008).  Each set of 

recordings was done on the same day, two or three days after the cRNA 

injections.  Dose-response experiments were performed as described in (Boulin 

et al., 2008).  Values obtained at 500 µM and 1 mM were excluded from the fit 

because of the open-channel block observed at high acetylcholine 

concentrations.  RNA isolation was performed as described in (Boulin et al., 

2008).  cDNAs were obtained by RT-PCR, PCR fragments were digested with 

XhoI and Bsp120I restriction enzymes and cloned into pTB207, an expression 

vector for in vitro transcription that contains the 3'-UTR of the Xenopus laevis β-

globin gene.  The resulting plasmid clones are: pTB244 acr-2, pTB245 acr-

2(n2420gf), pTB246 acr-12, pTB247 acr-3. In addition, we used the following 

clones described in (Boulin et al., 2008): pTB211 unc-38, pTB212 unc-63, 

pTB215 ric-3, pTB216 unc-74, and pTB217 unc-50. 

cRNA was synthesized in vitro from linearized plasmid DNA templates 

using the mMessage mMachine T7 transcription kit (Ambion). Lithium chloride-

precipitated cRNA was resuspended in RNAse-free water and stored at -80°C. 

Acetylcholine chloride (ACh), (-)-nicotine hydrogen tartrate (Nic), 1,1-

dimethyl-4-phenylpiperazinium iodide (DMPP), choline bitartrate (Cho), (-)-

tetramisole hydrochloride (levamisole, Lev), mecamylamine hydrochloride (Mec) 

were purchased from Sigma-Aldrich. 
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Figure 2.1. acr-2 locus.  (A) Genetic position of acr-2 on the left arm of the X chromosome.  (B) 
Representative cosmids and subclones used in germline transformation rescue of acr-2(n2420gf).  
Rescue of spontaneous convulsion is indicated by a plus sign (+); and no rescue by a minus sign 
(-).  Canonical cosmids F38B6 and K11G12 are shown in parentheses.  (C) ACR-2 is a member 
of the UNC-29 class non-α subunits of the acetycholine receptor family (Jones and Sattelle, 
2004).  (D) The n2420 mutation causes a valine-to-methionine change in the 13’ position of the 
pore-forming second transmembrane domain (TM2, residues are colored in teal).  The amino acid 
at the 13’ position is oriented toward the pore; orange mark residues lining the pore (Keramidas 
et al., 2004).  
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Figure 2.2. Mutant phenotypes and pharmacological analysis of acr-2(n2420gf) mutants.  
(A) Suppression of the convulsions of acr-2(n2420gf) mutants by exogenous mecamylamine (100 
µM).  The effects of mecamylamine are reversible.  (B) acr-2(n2420gf) mutants are 
hypersensitive, and acr-2(lf) mutants are moderately resistant to aldicarb.  The graph shows the 
time course of the response of adult hermaphrodites to 0.5 mM aldicarb, from 3 trials with 10 
animals per genotype per trial. *, p<0.001 between wild type and mutants (two-way ANOVA).  (C) 
acr-2(n2420gf) mutants are hypersensitive to levamisole.  The graph shows the time course of 
the response of one-day old hermaphrodites to 1 mM levamisole, from 3 trials with 10 animals per 
genotype per trial. *, p<0.001 between wild type and acr-2(n2420gf) (two-way ANOVA).  (D) 
Quantification of convulsion rates of 1-d-old hermaphrodites of various genotypes.  (E) 
Developmental onset of the convulsion phenotype of acr-2(n2420gf) animals, convulsions begin 
during the L3 stage.  OA, 2-d-old adult; YA, 1-d-old adult.  
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Figure 2.3.  acr-2 is expressed and functions in the cholinergic ventral cord motor 
neurons.  (A) Expression pattern from a 3.5kb acr-2 promoter-driven Pacr-2-GFP transgene 
(juis14) in a L1 (upper image) and a L4 larva (bottom two images).  Middle image is a side view, 
and the bottom image is a ventral view.  Scale bars indicate 10 µm.  (B) The top image shows 
nonoverlapping expression of Pacr-2-GFP (green) and Pttr-39-mcherry (red) marking the DD and 
VD GABAergic neurons.  The bottom images show nonoverlapping expression of the 1.8-kb 
promoter-driven Pacr-2-mcherry transgene (juEx2045) (red) and those of Pglr-1-GFP (green) or 
Pnmr-1-GFP (green).  Transcriptional activity of the acr-2 1.8-kb promoter is not seen in any head 
neurons.  Scale bars indicate 10µm.  (C) Quantification of cell-type-specific transgenic rescue of 
the convulsion defects in acr-2(n2420gf) animals.   
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Figure 2.4.  Acetylcholine neurotransmission is reduced in acr-2 null mutants. (A) acr-2 
gene structure with the intragenic mutations identified from the acr-2(n2420gf) suppressor screen. 
Boxes, exons; lines, introns; M, transmembrane domain; *, mutations at the splice junctions; X, 
stop codon mutations.  (B) Average speed of wild-type (3.9 mm/min ± 0.3 SEM, n=16), acr-
2(n2595 n2420) (2.6 mm/min ± 0.1 SEM, n=16) and acr-2(n2595 n2420) worms carrying a Pacr-
2::acr-2 construct (4.0 mm/min ± 0.4 SEM, n=16). An ANOVA test followed by a Dunn’s post test 
was used to analyze the data; * p<0.05.  (C) Acetylcholine and GABA mini frequencies recorded 
from the wild type (21.9 events/s ± 3.2 SEM and 14.9 events/s ± 5.4 SEM, respectively, n=5) and 
acr-2(n2595 n2420) (12.7 events/s ± 1.6 SEM and 10.4 events/s ± 2.2 SEM, respectively, n=9). 
Data were analyzed using a two-tailed unpaired t test; *, p=0.0148.  (D) Representative traces of 
minis recorded at two holding potentials, -60 and -10 mV, on body muscle cells from wild-type 
and acr-2(n2595 n2420) worms.  



 

 

54 

 
Figure 2.5 Sequence alignment of ACR-2 with other acetylcholine receptor subunits.  
Green letter marks the Val309 that is mutated to Met in acr-2(n2420gf).  Purple letters mark the 
amino acid positions that are mutated to stop codons and red letters mark the amino acid 
substitutions in intragenic suppressors of acr-2(n2420gf).  Ce, C. elegans; Hu, human; TOR, 
Torpedo.   
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Figure 2.6.  acr-2(n2420gf) mutants exhibit reduced GABA neurotransmission in high 
calcium.  (A) Representative traces and frequencies of endogenous postsynaptic currents from 
wild-type and acr-2(n2420gf) worms in 0.5 mM external CaCl2.  (B) Representative traces and 
frequencies of endogenous postsynaptic currents from wild-type and acr-2(n2420gf) worms in 2 
mM external CaCl2.  (C) Representative traces and frequencies of endogenous postsynaptic 
currents from wild-type and acr-2(n2420gf) worms in 5 mM external CaCl2.  Data were analyzed 
using a two-tailed unpaired t-test. 



 

 

56 

 
 
Figure 2.7.  Cholinergic motor neuron morphology and synapses are not altered in acr-
2(n2420gf) mutants.  (A) Cholinergic motor neurons visualized with Pacr-2-GFP show normal 
position and morphology in acr-2(n2420gf) animals.  Scale bar indicates 20 µm.  (B) Pattern of 
DA and DB synapses visualized by Pacr-2-SNB-1:GFP is similar in acr-2(n2420gf) and wild-type 
animals. Scale bar indicates 10 µm.  (C) Quantification of the SNB-1::GFP puncta number in a 
segment of the dorsal cord. 
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Figure 2.8 GABA receptors are not altered in acr-2(n2420gf) mutants.  (A) Distribution of 
GABA synapses.  Left panel shows the expression pattern of GFP-tagged synaptobrevin in the 
dorsal cord of young adult wild type and acr-2(n2420gf) animals.  Quantification of the GFP 
puncta number is shown on the right.  Data were analyzed using two-tailed unpaired t-tests.  (B) 
Amplitude histograms (top) and cumulative amplitude distribution (bottom) of acetylcholine (left) 
and GABA minis (right) from the wild type and acr-2(n2420gf) in 2mM external CaCl2.  (C)  
Representative traces and mean amplitude of currents evoked by 0.1 mM pressure-ejected 
GABA on muscle cells from wild type and acr-2(n2420gf) in 2 mM external CaCl2.  Mean 
amplitudes were compared using a two-tailed unpaired t-test. 
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Figure 2.9.  Mutations in acetylcholine receptor subunits suppress convulsions of acr-
2(n2420gf) mutants.  (A) acr-12 gene structure with the loss-of-function mutations indentified as 
extragenic suppressors of acr-2(n2420gf).  Boxes indicate exons; lines, introns; TM, 
transmbembrane.  (B) The convulsions of acr-2(n2420gf) mutants are suppressed by loss-of-
function mutations in unc-63, unc-38, unc-50, or unc-74, but not in unc-29, lev-1 and several 
other acr genes tested.  Red columns represent ancillary proteins, and green columns represent 
acetylcholine receptor subunits.  (C) Cell-type specific transgenic expression of acr-12 and unc-
63 shows that both genes are required in the ventral cord cholinergic motor neurons to suppress 
acr-2(n2420gf). 
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Figure 2.10.  Composition of the ACR-2R receptor reconstituted in Xenopus oocytes.  (A) 
The ACR-2R receptor shows high sensitivity to acetylcholine and is insensitive to levamsiole or 
choline.  Mechamylamine completely blocks the current.  The ACR-2R receptor includes all five 
subunits, acr-2, acr-2, acr-12, unc-38, and unc-63.  (B) The ACR-2(V13’M)R receptor shows high 
sensitivity to acetylcholine and an increased sensitivity to DMPP, and weakly responds to 
leavamisole and choline.  (C) Quantification of the relative efficacies of the cholinergic agonsists 
compared to acetylcholine.  (D) Inclusion of ACR-3 greatly increases the current of the ACR-2R.  
(E) Dose-response curves for acetylcholine action on the ACR-2 and ACR-2(V13’M) receptors 
show that EC50 is comparable.  All recordings were made with 1mM external CaCl2.  Error bars 
are standard errors of the mean.  Asterisks indicate that data are significantly different at 
p<0.05(*) or p<0.01(**).  ACh: acetylcholine; Nic: nicotine; DMPP: 1,1-dimethyl-4-
phenylpiperazinium; Cho: choline; Lev: levamisole; Mec: mecamylamine. 
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Table 2.1.  Summary of suppressor mutations 

Gene  allele Nucleotide 
change1/ 
Amino acid 
change 
 

Gross behavior2  

acr-2 X n2420 G925a 
Val309Met 

Unc, convulsion, 
hypersensitive to aldicarb 
and levimsole 

 n2595 
n2651* 

G525a 
Trp175TGA 

Superficial WT, slight 
resistance to aldicarb, 
sensitive to levimosole 

 n2581 C529t 
Pro177Ser 

Superficial WT 

 n2582 
n2587*  

g—a 
3’ss, intron 5 

Superficial WT 

 n2583 C377t 
Pro126Leu 

Superficial WT 

 n2584 g—a 
3’ss, intron 10 

Superficial WT 

 n2585 G631a 
Glu211Lys 

Weak Shrinker 

 n2586  
n2589 

C721t 
Pro241Ser 

Superficial WT 

 n2588 G617a 
Trp206TGA 

Superficial WT 

 n2590 C532t 
Pro178Ser 

Superficial WT 

 n2591 C199t 
Leu67Phe 

Superficial WT 

 n2592 C1669t 
Gln557TAG 

Superficial WT 

 n2593 g—a 
5’ss, intron 11 

Superficial WT 

 n2594 C962t 
Thr322Ile 

Superficial WT 

 n2598 C614t 
Ser205Leu 

Superficial WT 

 n2600 C479t 
Ser150Phe 

Superficial WT 

 n2601 G682a 
Asp228Asn 

Superficial WT 

 n2603 T445g 
Leu149Val 

Superficial WT 
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Table 2.1.  Summary of suppressor mutations (continued) 

Gene  allele Nucleotide 
change1/ 
Amino acid 
change 
 

Gross behavior2  

acr-2 X n2604 C976t 
Leu327Phe 

Superficial WT 

 n2628 C1728t 
Arg354Cys 

Weak Shrinker 

 n2631 G698a 
Gly233Glu 

Superficial WT 

 n2634 C689t 
Ser230Phe 

Superficial WT 

 n2635 G1603a 
Gly535Arg 

Superficial WT 

 n2636# A925g 
Met309Val 

Superficial WT 

 n2602 poss. 
rearrangement 

Superficial WT 

 n2596 ND Superficial WT 
 n2597 ND Superficial WT 
 n2599 ND Superficial WT 
unc-63 I n2606 A389t 

Lys130Ile 
Unc, resistant to 
levamisole 

 n2607 C475t 
Pro159Ser 

Unc, resistant to 
levamisole 

 n2611$ G361a 
Gly121Arg 

Superficial WT, weakly 
resistant to levamisole 

unc-38 I n2608 C333t 
Pro111Leu 

Unc, resistant to 
levamisole 

 n2612 g—t 
5’ ss, intron 3 

Unc, resistant to 
levamisole 

 n2615$ C800t 
Pro267Leu 

Superficial WT 

 n2619$ G1430a 
Gly477Glu 

Superficial WT, slight 
resistance to levamisole 

unc-50 
III 

n2623 C252t 
Trp85TGA 

Unc, resistant to 
levamisole 

 n2624 C782t 
Ser261Leu 

Superficial WT 
movement, slight 
resistance to levamisole 
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Table 2.1.  Summary of suppressor mutations (continued) 

Gene  allele Nucleotide 
change1/ 
Amino acid 
change 
 

Gross behavior2  

unc-74 I n2610 ND Unc, resistant to 
levamisole 

 n2613 ND Unc, resistant to 
levamisole 

 n2614 ND Unc, resistant to 
levamisole 

acr-12 X n2616 g—a,  
3’ ss, intron 5 

Superficial WT 
sensitive to levamisole 

 n2617 G684a,  
Trp228TGA 

Superficial WT  
sensitive to levamisole 

 n2621 T769a,  
Tyr256TAA 

Superficial WT  
sensitive to levamisole 

 n2625 G548a,  
Trp183TAG 

Superficial WT  
sensitive to levamisole 

 n2629 g—a,  
5’ ss, intron 10 

Superficial WT  
sensitive to levamisole 

 n2632 g—a,  
3’ ss, intron 10 

Superficial WT  
sensitive to levamisole 

 n2633 G485a,  
Cys162Tyr 

Superficial WT  
sensitive to levamisole 

 n2650 C905t,  
Thr302Ile 

Superficial WT  
sensitive to levamisole 

 n2652 g—a,  
3’ ss. Intron 5 

Superficial WT 
sensitive to levamisole 

 

1  number of nucleotides uses the spliced sequences in wormbase for each gene   
2  all animals contained acr-2(n2420gf) 
* isolated as independent mutations 
# this mutation was true revertant of acr-2(n2420gf), unlikely a contaminant of 
wild type  
$  these mutants were weak alleles of Lev-Unc genes (T.S. and Y.J., unpublished 
data) 
WT, wild type; Unc, uncoordinated 
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Table 2.2 Comparison of ACR-2R and levamisole-sensitive receptors. 
 

 ACR-2R (Neruonal) Levamisole Receptor 
(Muscle) 

Alpha UNC-38 UNC-38 
Alpha UNC-63 UNC-73 
Alpha ACR-12 LEV-8 
Non-alpha ACR-2 UNC-29 
Non-alpha ACR-3 LEV-1 
ACh EC50 14 µM 26  µM 
Levamsiole No effect Agonist 
Nicotine Weak agonist Antagonist 

 
ACh:  acetylcholine 
EC50: median effective concentration 
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Table 2.3.  Strains and genotypes 
 

Strain number 
 

Genotype Note on phenotype 
 

CZ707 lin-15(n765ts)X; juEx32[Punc-
25-acr-2::gfp(pSC374); lin-
15(+)] 

Superficial WT 

CZ3393 juIs174[Pacr-2-acr-
2::gfp(pSC349); pRF4] 

Roller 

CZ4815 acr-2(n2420)X; juIs174 Roller 
CZ5259 acr-2(n2420)X; juEx32 Shrinker 
EG3867 acr-2(n2420)X; oxEx707[Pacr-

2::acr-2(pSC175); lin-15(+)] 
Superficial WT 

NC293 acr-5(ok180)III Superficial WT 
CZ8840 acr-5(ok180)III; acr-2(n2420)X Shrinker 
RB1195 acr-8(ok1240)X Superficial WT 
CZ9228 acr-2(n2420)X acr-8(ok1240)X Shrinker 
VC649 acr-9(ok933)X Superficial WT 
CZ8937 acr-2(n2420)X acr-9(ok933)X Shrinker 
VC188 acr-12(ok367)X Superficial WT 
CZ8756 acr-2(n2420)X acr-12(ok367)X Superficial WT 
RB918 acr-16(ok789)V Superficial WT 
CZ8841 acr-16(ok789)V; acr-2(n2420)X Shrinker 
CB211 lev-1(e211)IV Lev-resistant, Unc 
CZ8919 lev-1(e211)IV; acr-2(n2420)X Lev-resistant, shrinker 
VC1041 lev-8(ok1519)X Slight lev-resistant 
CZ9006 acr-2(n2420)X lev-8(ok1519)X Shrinker 
ZZ29 unc-29(x29)I Lev-resistant, Unc 
CZ4796 unc-29(x29)I; acr-2(n2420)X Lev-resistant, shrinker 
ZZ20 unc-38(x20)I Lev-resistant, Unc 
MT7491 unc-38(e264)I; acr-2(n2420)X Lev-resistant, Unc 
ZZ13 unc-63(x13)I Lev-resistant, Unc 
MT7489 unc-63(e384)I; acr-2(n2420)X Lev-resistant, Unc 
CB306 unc-50(e306)III Lev-resistant, Unc 
CB883 unc-74(e883)I Lev-resistant, Unc 
MF200 ric-3(hm9)IV Lev-resistant, Unc 
CZ9103 ric-3(hm9)IV; acr-2(n2420X) Lev-resistant, Unc 
ZZ17 lev-10(x17)I Lev-resistant, Unc 
MT7493 lev-10(x17)I; acr-2(n2420)X Lev-resistant, shrinker 
CZ631 juIs14[Pacr-2-GFP(pSC205); 

lin-15(+)]IV 
 

CZ8332 juIs223[Pttr-39-
mCherry(pCZGY412)]   
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Table 2.3.  Strains and genotypes (continued) 
	  

Strain number 
 

Genotype Note on phenotype 
 

CZ9210 acr-2(n2420)X acr-12(ok367)X; 
juEx1880[Pacr-12-acr-12*; 
Pttx-3-GFP] 

 

CZ9212 acr-2(n2420)X acr-12(ok367)X; 
juEx1882[Pacr-2-acr-
12(pCZGY744); Pttx-3-GFP] 

 

CZ9214 acr-2(n2420)X acr-12(ok367)X; 
juEx1884[Punc-25-acr-
12(pCZGY745); Pttx-3-GFP] 

 

CZ8901 unc-63(e384)I; acr-2(n2420)X; 
krEx164[Pmyo-3-unc-63#; 
Pmyo-3-GFP] 

 

CZ8902 unc-63(e384)I; acr-2(n2420)X; 
krEx181[Prab-3-unc-63#; Prab-
3-GFP] 

 

CZ8903 unc-63(e384)I; acr-2(n2420)X; 
krEx201[Punc-63-unc-63#; 
Pmyo-3-GFP; Prab-3-GFP] 

 

CZ9216 unc-63(e384)I; acr-2(n2420)X; 
juEx1886[Pacr-2-unc-
63(pCZGY746); Pttx-3-GFP] 

 

CZ9218 unc-63(e384)I; acr-2(n2420)X; 
juEx1888[Punc-25-unc-
63(pCZGY747); Pttx-3-GFP] 

 

CZ9785 nuIs1[Pglr-1-GFP]; 
juEx2045[Pacr-2-mCherry] 

 

CZ9786 akIs3[Pnmr-1-GFP]V; 
juEx2045[Pacr-2-mCherry] 

 

CZ9610 juEx2033[Pacr-2-acr-
2(n2420)*]                               

 

CZ9755 acr-3(ok2049)X; 
juEx2033[Pacr-2-acr-
2(n2420)*] 

 

CZ9690 acr-3(ok2049)X  
 
*: generated as long-PCR fragment 
#: described in (Ruaud and Bessereau, 2006) 
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CHAPTER 3 
 

TRPM channels modulate epileptic-like convulsions via systemic 
ion homeostasis 

 
Abstract   
 

Neuronal networks operate over a wide range of activity levels, with both 

neuronal and non-neuronal cells contributing to the balance of excitation and 

inhibition.  Activity imbalance within neuronal networks underlies many 

neurological diseases, such as epilepsy (McCormick and Contreras, 2001).  The 

C. elegans locomotor circuit operates via coordinated activity of cholinergic 

excitatory and GABAergic inhibitory transmission (White et al., 1976).  We have 

previously shown that a gain-of-function mutation in a neuronal acetylcholine 

receptor, acr-2(gf), causes an epileptic-like convulsion behavior (Jospin et al., 

2009). Here, we report that the behavioral and physiological effects of acr-2(gf) 

require the activity of the TRPM channel GTL-2 in non-neuronal tissues.  Loss of 

gtl-2 function does not affect baseline synaptic transmission, yet can compensate 

for the excitation-inhibition imbalance caused by acr-2(gf).  The compensatory 

effects of removing gtl-2 are counter-balanced by another TRPM channel GTL-1, 

and can be recapitulated by acute treatment with divalent cation chelators, 

including those specific for Zn2+.  Together these data reveal an important role for 

ion homeostasis in the balance of neuronal network activity and a novel function 

of non-neuronal TRPM channels in the fine-tuning of this network activity. 
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Results 

GTL-2 acts in non-neuronal tissues to modulate convulsive behaviors 

caused by acr-2(gf) 

In the C. elegans locomotor circuit, cholinergic innervation excites muscles 

to contract alternately on the ventral or dorsal side, while simultaneously 

activating GABAergic cross-inhibition to relax muscles on the opposite side 

(White et al., 1976).  A heteromeric acetylcholine receptor, ACR-2R, expressed 

in cholinergic neurons plays a key role in the locomotor network (Jospin et al., 

2009).  A Valine to Methionine substitution in the transmembrane TM2 domain of 

the ACR-2 non-alpha subunit increases channel current and causes over-

excitation accompanied with decreased inhibition in the locomotor circuit. The 

acr-2(gf) animals display a spontaneous convulsive behavior (Figure 3.2A). 

Similar amino acid substitutions in mammalian neuronal acetylcholine receptors 

are associated with epilepsy (Marini and Guerrini, 2007).  

To search for novel regulators involved in the acr-2(gf) convulsive 

phenotype we isolated and characterized a genetic suppressor, n2618 

(methods).  Double mutants of n2618;acr-2(gf) show grossly wild type locomotion 

and a near complete elimination of spontaneous convulsions (Figure 3.2A,B).   

By genetic mapping and whole-genome sequencing we found that n2618 

animals had a single amino acid substitution in a conserved domain of the 

protein GTL-2, which is a TRPM (for Melastatin family of Transient Receptor 

Potential) channel (Figure 3.1) (West et al., 2001).  TRPM channels are 

multifunctional non-selective cation channels.  Those closely related to GTL-2 
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generally play a role in ion homeostasis in a tissue and organism-specific manner 

(Schlingmann et al., 2007; Xing et al., 2008; Georgiev et al., 2010; Hofmann et 

al., 2010; Teramoto et al., 2010).  C. elegans has four TRPM channels GON-2, 

GTL-1, GTL-2 and CED-11 (Xiao and Xu, 2009).  The first three have previously 

been implicated in electrolyte Mg2+ homeostasis and intestinal Ca2+ oscillations 

(Xing et al., 2008; Teramoto et al., 2010).  gtl-2 null mutations showed similar 

suppression of acr-2(gf), and failed to complement n2618 (Figure 3.2B).  In 

addition, the suppression effect of gtl-2(null) or gtl-2(n2618) on acr-2(gf) was fully 

rescued by transgenic expression of the genomic gtl-2 DNA (Figure 3.2C).  We 

conclude that inactivation of gtl-2 antagonizes the locomotor circuit imbalance 

caused by acr-2(gf). 

Other genetic suppressors of acr-2(gf) define genes that are required for 

the activity of the ACR-2 channel and act in cholinergic neurons (Jospin et al., 

2009). To determine in which tissues gtl-2 function was required for suppression, 

we generated a GTL-2::GFP fusion construct that completely rescued the 

suppression effects of gtl-2(lf) on acr-2(gf) (Figure 3.2C).  We observed GTL-

2::GFP on the epidermal cell surface (Figure 3.2D,E), as well as in the excretory 

cell and pharynx, as reported (Teramoto et al., 2010), but not in neuronal and 

muscle cells associated with locomotion.   This expression pattern suggests that 

gtl-2 may influence the acr-2(gf) neuronal phenotype through non-neuronal 

means.  To test this hypothesis we performed cell specific rescue experiments 

with a gtl-2cDNA::gfp construct.  Expression of gtl-2 in either the epidermis or the 

excretory cell, but not in neurons or muscles, showed a rescuing activity 
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comparable to that of gtl-2 expressed ubiquitously or under the control of its own 

promoter (Figure 3.2F).  The excretory cell and the epidermis are connected by 

gap junctions (Hall and Altun, 2008).  The ability of either excretory cell or 

epidermal expression of GTL-2 to rescue is consistent with functional coupling of 

these tissues, and with our evidence below that GTL-2 regulates neuronal 

excitability via extracellular ion homeostasis.  

 

GTL-2 specifically affects the activity imbalance caused by acr-2(gf) 

 To investigate how non-neuronal GTL-2 might affect motor neuron activity, 

we first analyzed neuronal anatomy and physiology in gtl-2 mutants. Overall 

synapse and neuronal morphology were grossly normal in these mutants (Figure 

3.3A). gtl-2 mutants displayed normal sensitivity to the acetylcholinesterase 

inhibitor aldicarb (Rand, 2007) (Figure 3.4A), and exhibited wild type locomotion.   

Electrophysiological recordings of dissected body-wall muscle preparations 

showed that the frequencies and amplitudes of endogenous cholinergic and 

GABAergic activity in gtl-2(lf) are similar to that of wild type animals across a 

range of Ca2+ concentrations (Figures 3.3D, 3.4B).  Lastly, the expression and 

response to exogenous GABA of the receptor UNC-49 were normal (Figure 

3.3B,D).  Thus, GTL-2 is not essential for most aspects of neuronal and muscle 

development or physiology. 

  We next addressed whether the behavioral suppression of acr-2(gf) by gtl-

2(lf) could be accounted for by restoration of the excitation and inhibition balance 

in the locomotor circuit.  acr-2(gf) animals exhibit hypersensitivity to aldicarb, in 
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part due to increased acetylcholine release (Jospin et al., 2009); and gtl-2(lf) 

partially suppressed this aldicarb hypersensitivity (Figure 3.4C).  We further 

investigated this effect by electrophysiological recordings of neuromuscular 

junctions (NMJ).  We previously observed that acr-2(gf) disrupts the correlated 

activities between cholinergic and GABAergic transmission in a Ca2+ dependent 

manner (Jospin et al., 2009).  Here, we recorded over a range of extracellular 

Ca2+ concentrations using a modified recording procedure (Vashlishan et al., 

2008) (methods).  acr-2(gf) animals at 0.1 mM extracellular Ca2+ showed an 

increase in both cholinergic and GABAergic transmission, compared to wild type 

animals (Figure 3.4D), indicating that the GABAergic neurons in acr-2(gf) animals 

are healthy and capable of responding to synaptic inputs as predicted by their 

anatomical connectivity (White et al., 1976).  As the extracellular Ca2+ 

concentration was increased, wild type animals showed increases in both 

cholinergic and GABAergic activities.  By contrast, in acr-2(gf) mutants, while the 

cholinergic activity continued to increase, the GABAergic activity began to 

decrease (Figure 3.4D), consistent with previous findings (Jospin et al., 2009).  

Thus, under physiological calcium levels over 1 mM (Hille, 1992), the increased 

cholinergic activity by the acr-2(gf) mutation is accompanied by an anti-

homeostatic inhibition of GABAergic neuron activity (Figure 3.4B), leading to a 

net over-excitation of the locomotor circuit.  Strikingly, the gtl-2(lf) mutation not 

only enhanced GABA release in acr-2(gf), but also restored the Ca2+ dependent 

increase of GABAergic transmission, resulting in correlated cholinergic excitation 

and GABAergic inhibition in the acr-2(gf);gtl-2(lf) double mutant (Figure 3.4B,D).  
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In these preparations the tissues expressing gtl-2 were disrupted, therefore the 

observed physiological effects most likely reflect long-lasting changes in 

GABAergic presynaptic release as the result of reducing gtl-2 function.  

 Although the recordings from the dissociated NMJ preparations did not 

detect significant effects of gtl-2(lf) on the cholinergic activities of acr-2(gf), we 

wondered whether gtl-2 might also modulate cholinergic neurons.  To address 

this, we generated gtl-2(lf);acr-2(gf);unc-25/GAD(0) triple mutants in which 

GABAergic transmission was completely absent due to a null mutation in the 

glutamic acid decarboxylase UNC-25 (Jin et al., 1999).  These animals showed 

significant suppression of convulsions, compared to acr-2(gf);unc-25/GAD(0) 

(Figure 3.5A), indicating that loss of gtl-2 activity can alleviate hyperexcitation 

defects of acr-2(gf) in the absence of GABA. These observed in vivo effects of 

gtl-2(lf) may reflect acute changes on cholinergic transmission that are not 

evident in NMJ recordings due to the dissection of GTL-2 expressing tissues and 

consequent disruption of the extracellular milieu.  It is also possible that GTL-2 

might influence ACR-2(gf) independent of GABAergic and cholinergic activities.  

To assess whether gtl-2 modulated other types of neuronal over-excitation, we 

tested if gtl-2(lf) could suppress mutants with increased cholinergic transmission, 

such as the Goa protein mutant goa-1(lf) (Miller et al., 1999).  Unlike acr-2(gf), 

loss of gtl-2 function had no effect on locomotion nor on aldicarb sensitivity of 

goa-1(lf) mutants (Figure 3.5B,C).  Thus, loss of gtl-2 function specifically 

modulates the anti-homeostatic defects in acr-2(gf). 
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Manipulating ion homeostasis recapitulates the effects of gtl-2(lf) 

  GTL-2 has been reported to regulate fluid Mg2+ homeostasis, in 

conjunction with two other C. elegans TRPM channels, GTL-1 and GON-2 

(Teramoto et al., 2005; Teramoto et al., 2010). Specifically, GTL-1 and GON-2 

function in the intestine to take up Mg2+, whereas GTL-2 acts in the excretory cell 

to excrete Mg2+. gtl-2(lf) mutants have increased systemic Mg2+, but also reduced 

systemic Ca2+, suggesting roles for GTL-2 in addition to Mg2+ export (Teramoto 

et al., 2010).  To address the basis of gtl-2 action on the locomotor circuit, we 

first investigated the roles of these other TRPM channels on acr-2(gf).  Loss of 

gtl-1 function had no effect on acr-2(gf) alone, but completely rescued the 

suppression of convulsions in the gtl-2(lf);acr-2(gf) background (Figure 3.6A).  

Moreover, RNAi knockdown of gtl-1 in gtl-2(lf);acr-2(gf) animals in a genetic 

background in which the neurons are refractory to RNAi also resulted in rescuing 

of the suppression activity of gtl-2(lf) (Figure 3.6A), suggesting GTL-1 may also 

function in non-neuronal cells to modulate gtl-2 suppression of  acr-2(gf).  

Unexpectedly, loss of gon-2 function attenuated the convulsion frequency of acr-

2(gf), similar to mutating gtl-2 (Figure 3.6A).  This observation suggests that the 

increased Mg2+ in gtl-2(lf) may not be directly responsible for the suppression on 

acr-2(gf).  To test this, we cultured animals using plates containing varying Mg2+ 

concentration.  While increasing Mg2+ had a significant effect on brood size in gtl-

2 mutants (Figure 3.7A), consistent with the previous observations (Teramoto et 

al., 2010), such manipulations did not affect acr-2(gf) convulsions nor the 

suppression of acr-2(gf) by gtl-2(lf) (Figure 3.7B).  Soaking animals in high 
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concentrations of Mg2+ similarly failed to influence acr-2(gf) convulsions. 

Additionally, NMJ recordings using extracellular bath solutions with varying Mg2+ 

did not detect any significant differences on cholinergic and GABAergic activities 

in either wild type or acr-2(gf) (Figure 3.7C,D). Thus, the increased Mg2+ levels in 

gtl-2(lf) mutants do not account for the effects on the locomotor circuit. Instead, 

other divalent cations might be involved in the suppression of excitation-inhibition 

imbalance. 

To further address the involvement of ion homeostasis in modulating the 

excitation-inhibition imbalance caused by acr-2(gf), we soaked acr-2(gf) and gtl-

2(lf);acr-2(gf) animals in multiple cation chelators (Figure 3.6B,C).  Bathing acr-

2(gf) animals in the divalent cation chelators ethylenediaminetetraacetic acid 

(EDTA) resulted in significant suppression of convulsions and improved 

locomotor ability.  However, EDTA had no effects on gtl-2(lf);acr-2(gf), consistent 

with the above observation of culturing animals on plates with no Mg2+ added.  

Treatment with ethylene glycol tetraacetic acid (EGTA) had no effect on acr-2(gf) 

single or gtl-2(lf);acr-2(gf) double mutants, suggesting that reducing extracellular 

cations, but not necessarily Ca2+, specifically mimics the effects of reducing gtl-2 

activity.  As some TRPM channels show a high level of conductance for trace 

metals, particularly Zn2+ (Monteilh-Zoller et al., 2003), we tested the heavy metal 

specific chelators dietylenetriaminepentaacetic acid (DTPA), a membrane 

impermeant chelator, and tetrakis(2-pyridylmethyl)ethlyenediamine (TPEN), a 

membrane permeant chelator (Cho et al., 2007), and found that both suppressed 

the acr-2(gf) phenotype comparable to EDTA treatment (Figure 3.6B,C).  All 
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together, these findings demonstrate that divalent cationic balance of heavy 

metals is critical for the expression of the convulsive behavior caused by acr-

2(gf).   

 

Discussion 

Epilepsy is one of the most common neurological diseases (Hauser, 1994) 

and all forms of epilepsy result from an imbalance of excitation and inhibition 

(McCormick and Contreras, 2001).  A distinct physiological feature of the acr-

2(gf) mutation is that while increasing cholinergic excitation, it creates an anti-

homeostatic decrease in GABAergic activity cell non-autonomously (Jospin et al., 

2009) (this study).  How do TRPM channels, GTL-2, GON-2 and GTL-1 influence 

this neuronal activity imbalance?  Our data suggest two mechanisms that are not 

mutually exclusive, one involving local action of GTL-2 and the other involving 

systemic ion homeostasis (Figure 3.6D).  Local ionic composition fluctuates as 

the result of neuronal activity. The epidermis is adjacent to motor neurons and 

their axons (White et al., 1976).  As GTL-2 is expressed in the epidermis, it could 

influence this local ionic balance (Figure 3.6D).  The role of GTL-2 and the 

epidermis may be analogous to that of glial cells in the mammalian nervous 

system.  Glial cells maintain normal levels of network activity through multiple 

mechanisms, including ion uptake and buffering, and have been implicated in 

epilepsy (Seifert et al., 2010).   Some TRPM channels are enriched in the brain, 

but non-autonomous roles of TRPM channels in the nervous system remain to be 

examined.   
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GON-2 and GTL-1 function in fluid ion homeostasis through ion uptake in 

the intestine (Teramoto et al., 2010).  Thus, their effects on acr-2(gf) imply a role 

of systemic ion regulation on neuronal function (Figure 3.6D).  Although C. 

elegans TRPM channels have been linked to Mg2+ homeostasis (Teramoto et al., 

2010) based on their effects on fertility and growth rate, our results suggest they 

influence neuronal excitability independent of Mg2+.  In gtl-2(lf) animals, systemic 

Mg2+ levels are increased (Teramoto et al., 2010). However, chelation of divalent 

cations, including Mg2+, suppressed acr-2(gf), and did not reverse the 

suppression effects of gtl-2(lf) on acr-2(gf).  Instead, treatment using heavy metal 

chelators DTPA and TPEN mimicked gtl-2(lf).  These observations indicate that 

the action of these TRP channels influences cation homeostasis beyond a simple 

import and export of Mg2+.   In fact, Teramato et al. also observed decreased 

Ca2+ levels in gtl-2(lf), which they attributed to the inhibition of GON-2 by high 

Mg2+ (Teramoto et al., 2010).  This interpretation could explain our observation 

that loss of GON-2 partially suppressed acr-2(gf) in a manner similar to gtl-2(lf). 

Studies of several TRPM channels in other organisms show that they can 

be permeable to multiple divalent ions, including the heavy metal Zn2+ (Monteilh-

Zoller et al., 2003).  The Drosophila TRPM channel has been linked to larval Zn2+ 

and Mg2+ homeostasis (Georgiev et al., 2010; Hofmann et al., 2010).   Altered 

Zn2+ levels have been reported in epilepsy patients, and it is thought that 

disturbed Zn2+ homeostasis can be proconvulsant, whereas Zn2+ can act as an 

anticonvulsant when its homeostasis is maintained (Bitanihirwe and 

Cunningham, 2009).  Manipulation of Zn2+ can also potentiate acetylcholine 
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receptors and inhibit certain GABA receptors (Hsiao et al., 2001; Smart et al., 

2004).  We have shown here that altering homeostasis of heavy metals, including 

Zn2+, by chelation has an anticonvulsant effect. We speculate that altered 

neuronal activity by ACR-2(gf) could cause local ionic imbalance, possibly 

involving Zn2+.  Conversely, alteration in systemic Zn2+ levels may directly affect 

the activity of acr-2(gf), restoring neuronal network balance.  

Current treatments for epilepsy target mostly neuronal proteins to 

normalize the neuronal network excitation-inhibition imbalance (Rogawski and 

Loscher, 2004).  Yet, many epilepsy patients are refractory to such 

pharmacological treatments (Kwan and Brodie, 2000).  One long-standing 

treatment that has proven effective in epilepsy patients who are refractory to 

traditional medications is the ketogenic diet (Bailey et al., 2005).  Systemic 

metabolic changes can have long-lasting effects on neurotransmission (Valdez et 

al., 2010).  Our study reveals a critical role for ion homeostasis in balancing 

neuronal excitation and inhibition in a network, as well as introducing TRPM 

channels as novel molecular players in this pathway.  

 

Materials and Methods 

Isolation of gtl-2 mutants and molecular cloning of gtl-2  

C. elegans strains were grown on NGM plates at room temperature (20-

22°C) as described (Brenner, 1974).  We isolated the gtl-2(n2618) mutation in 

the genetic suppressor screen of acr-2(gf) as previously reported (Jospin et al., 

2009). Briefly, ten EMS-mutagenized acr-2(gf) L4 P0 animals were placed on a 
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large NGM plate and were transferred to fresh plates daily for 2 days.  Young 

adult F2 animals were collected from each P0 plate and placed away from the 

bacterial lawn on a new plate.  After 1 hour worms that had crawled into the food 

were collected.  Only one to two such animals per plate were saved to ensure 

independence of isolates.  We screened an estimated 120,000 mutagenized 

haploid genomes.  Genetic two and three factor mapping placed n2618 on 

chromosome IV, thus distinguishing it from previously described suppressor 

mutations (Jospin et al., 2009).  

We further mapped n2618 to chromosome IV, between SNP +4.85 to SNP 

+4.96 using the single-nucleotide polymorphism strategy as described (Wicks et 

al., 2001). We then prepared total genomic DNA for whole genome sequencing 

using Illumina technology (Sarin et al., 2008).  Briefly, animals were harvested 

from 16 6 cm NGM plates in M9, washed 2x 5 minutes and 1x 30 minutes with 

M9 to clear bacteria, and the pellet of animals was stored at -80°C overnight.  

DNA was prepared using the QIAGEN DNAesy kit (Qiagen, CA), and was 

resuspended in H2O for a final concentration of 140ng/µl and an OD260/280 ratio 

of 1.891.  Whole genome sequencing and analysis was performed by Prognosys 

Biosciences (La Jolla, CA).  

 gtl-2(eq3) was isolated from a screen for sax-7 interactors (L.C. 

unpublished).  gtl-2(tm1463) was obtained from the Japanese National 

BioResource Project and backcrossed 7x before use.  See Table 3.1 for 

additional information on strains used. 
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Quantification of convulsion behavior  

 Ten to twenty L4 larvae were placed on freshly seeded NGM plates.  The 

following day, young adults were transferred to fresh plates and recorded by 

video for 90 seconds, five frames per second.  Eight animals were recorded for 

each genotype per trial and at least two trials were performed per genotype.  

Videos were scored by an observer blind to genotype.  A “convulsion” was 

defined as a visible shortening in the animal’s body length. 

 

Molecular Biology and Transgenes 

The Pgtl-2:gtl-2 construct consists of ~16 kb genomic DNA including 8.7 

kb upstream sequences and 8.4 kb gtl-2 coding sequences with GFP in-frame 

fused at the C-terminus, followed by 350bp downstream sequences.  Psulp-4:gtl-

2cDNA::gfp and pgtl-2:gtl-2cDNA::gfp were obtained from Takayuki Teramoto 

(Teramoto et al., 2010). All remaining gtl-2cDNA::gfp constructs were made by 

first cloning the gtl-2cDNA::gfp DNA fragment into the PCR8 entry clone, and 

then using Gateway recombination technology (Invitrogen, CA) (Walhout et al., 

2000) to generate promoter specific expression constructs.  See table 3.2 for 

additional information on transgenes used. 

 

Immunostaining, imaging and analysis 

To stain GTL-2::GFP, animals were fixed using Finney and Ruvkun 

method (Finney and Ruvkun, 1990).  Primary antibody was rabbit anti-GFP 

(1:500), and secondary antibody was goat anti-rabbit Alexa Fluor 594 (1:2000) 
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(Invitrogen, CA).  Confocal images were taken on a Zeiss LSM 510 with 1 µm per 

section, and processed using ImageJ.  

For quantification of UNC-49::GFP (oxIs22) (Bamber et al., 1999), 

projection images of the maximum fluorescence intensity were created from 

confocal stacks and the average intensity at the ventral neuromuscular junction 

was calculated using ImageJ.  

Bright field images of wild type and mutant C. elegans were taken using a 

Dino-Lite Pro AM413T. 

 

Electrophysiology 

NMJ dissection methods were adapted from previous studies (Richmond 

and Jorgensen, 1999; Vashlishan et al., 2008; Jospin et al., 2009). In brief, adult 

worms were immobilized on Sylgard-coated cover slips with cyanoacrylate glue. 

A dorsolateral incision was made with a sharp glass pipette and the cuticle flap 

was folded back and glued down to expose the ventral medial body wall muscles. 

The preparation was then treated by collagenase type IV (Sigma-Aldrich) for ~ 30 

s at a concentration of 0.4 mg/ml.  The ion ingredients of bath and pipette 

solutions and recording potentials differ from those used in Jospin et al (Jospin et 

al., 2009).  The bath solution contained (in mM): 127 NaCl, 5 KCl, 26 NaHCO3, 

1.25 NaH2PO4, 4 MgCl2, 10 glucose, and sucrose to 340 mOsm with different 

CaCl2 concentration, bubbled with 5% CO2, 95% O2 at 20ºC. External CaCl2 

concentration was 0.1, 0.5, or 1 mM, as indicated in each figure. The pipette 

solution containing (in mM): 120 CH3O3SCs, 4 CsCl, 15 CsF, 4 MgCl2, 5 EGTA, 
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0.25 CaCl2, 10 HEPES and 4 Na2ATP, adjusted to pH 7.2 with CsOH. 

Conventional whole-cell recordings from muscle cells were performed at 20°C 

with 2-3 MΩ pipettes. An EPC-10 patch-clamp amplifier was used together with 

the Patchmaster software package (HEKA Electronics, Lambrecht, Germany). 

Endogenous acetylcholine postsynaptic currents were recorded at -60 mV and 

GABA postsynaptic currents were recorded at 0 mV. GABA evoked currents 

were stimulated by puffing 0.1 mM GABA on body wall muscles at 0 mV. The 

currents traces were imported to IGOR Pro (WaveMetrics, Lake Oswego, OR) for 

further analysis.   

 

Pharmacology analysis 

L4 animals were picked the day before an experiment.  The day of the 

experiment ten young adults per genotype were placed on plates containing the 

drug of chosen concentration, and the effects on animal movement were 

observed at 15 or 30 minutes intervals.  Animals were scored as paralyzed when 

no body movements were observed, even in response to touch. 

 

RNAi 

A gtl-1 RNAi clone was obtained from the C. elegans RNAi library (MRC 

service, UK).  Feeding RNAi was conducted essentially as previously described 

(Kamath et al., 2001) Briefly, cultures of RNAi containing bacteria were grown for 

8-10 hours and then plated on plates containing 5mM IPTG and ampicillin.  

Plates were given 48 hours to dry and induce RNA expression before L4 animals 
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were added.  Progeny of these animals were examined by video recording and 

convulsions quantified as above.   

 

Chelation Experiments 

 For chelator soaking assays L4 larvae were put into 200 µl of M9 solution 

containing the chosen chelator and concentrated bacteria.  For each chelator, a 

range of concentration was tested, and the concentration that did not cause 

noticeable sickness to animals was used in the final quantification analysis. 

Soaking was performed overnight at room temperature.  The treated animals 

were transferred to regularly seeded plates the following morning, and were then 

video recorded to quantify convulsions. 

 

Mg2+ Concentration Assays 

 For experiments using plates with varying Mg2+ concentrations L4 worms 

were placed on plates of the given concentration of Mg2+.  L4 offspring of these 

worms were then moved to fresh plates for the assays.   For convulsion 

quantification on the following day, young adults were transferred to fresh plates 

and recorded by video for 90 seconds, five frames per second.  Eight animals 

were recorded for each condition per trial and at least two trials were performed 

per condition.  Videos were scored by an observer blind to condition.  A 

“convulsion” was defined as a visible shortening in the animal’s body length.  For 

the soaking assay L4 worms were removed from standard NGM plates and put in 

50mM Mg2+ diluted in M9.  They were soaked overnight then moved to regularly 
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seeded plates and allowed to dry (~15 minutes) before being used for video 

recording.  For progeny counts each day adult hermaphrodites from treatment 

were transferred to a fresh plate.  The plates they had been transferred off were 

then kept at room temperature for 24 hours to allow for their progeny to grow.  

For easier counting of the progeny, the plates were then moved to 4°C for 

approximately 20 minutes, upon which time the worms stopped moving.  After 

that the number of worms on the plate were counted.  This was done for the 

entire reproductive life of the original worm, and then the counts from the 

consecutive days were combined as the final brood size for that animal. 
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Figure 3.1. n2618 is a partial loss of function mutation in gtl-2 (A) Genetic position of n2618 
on chromosome IV.  Genetic three factor mapping placed n2618 between egl-19 and dpy-20, 
whereas SNP mapping using the Hawaiian strain CB4856 further narrowed the region of interest 
to between CE-174 (+ 4.85) and pas23449 (+ 4.98).  (B) Diagram of the gene structure of gtl-2, 
exons are indicated by boxes whereas introns are indicated by lines. cDNA analysis confirmed 
the predicted exon/intron boundaries.  (C) Diagram of the protein structure of GTL-2.  Clear 
circles are MHR (TRPM Homology Region) domains, black boxes are transmembrane domains, 
and the gray box is the TRP domain.  Lines represent amino acid sequences in between. (D) 
Alignment of GTL-2 and close homologues, TRPM1, TRPM3, TRPM6 and TRPM7 in rat and 
human as well as C. elegans homologues GON-2 and GTL-1.  Residues that are identical among 
all homologues are highlighted black.  Residues that are similar among all homologues are 
highlighted gray.  Note the region mutated in gtl-2(n2618) is conserved amongst all similar TRPM 
isoforms in rat and human. 
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Figure 3.2.  gtl-2 acts in non-neuronal tissues to modulate acr-2(gf) convulsions.  (A) 
Images of wild type, acr-2(gf) and gtl-2(lf);acr-2(gf) locomotion.  (B) Quantification of convulsion 
frequency in mutants of genotype as indicated.   **, p<0.01, compared to acr-2(gf), ANOVA and 
Dunnett’s post hoc test.  (C) Transgenic rescue of the suppression activities in gtl-2(0);acr-2(gf) 
and gtl-2(lf);acr-2(gf).  ***, p<0.001, ANOVA and Bonferroni post hoc test.  (D) Confocal image of 
anti-GFP immunostaining of GTL-2::GFP in an adult shows expression in the excretory cell 
(arrowhead) and epidermis (arrow).  (E) Confocal image of anti-GFP immunostaining of GTL-
2::GFP in a L4 larva expressing Pdpy-7:gtl-2cDNA::gfp. (F) Cell specific rescue of gtl-2 shows 
requirement in epidermis and excretory cell.  Cell types are as follows:  Pdpy-30 – all cells, Prgef-
1 – pan-neuronal, Pmyo-3 – body muscles, Psulp-4 – excretory cell, and Pdpy-7 – epidermis.  **, 
p<0.01, compared to gtl-2(lf);acr-2(gf), ANOVA and Dunnett’s post hoc test.  Error bars indicate 
SEM. 
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Figure 3.3.  gtl-2(lf) does not affect neuronal morphology or the neuromuscular junction.  
(A) Wild type and gtl-2(lf) animals expressing a Punc-17:gfp transgene showing cholinergic 
neuron morphology (above) and a Pacr-2:snb-1::gfp transgene showing cholinergic synapse 
morphology (below).  Scale bars are 10 µm.  (B) Average fluorescence intensity for muscle GABA 
receptor, UNC-49::GFP.  None of the genotypes tested were significantly different by an ANOVA 
test.  (C) Muscle response to a puff of 0.1 mM GABA agonist in wild type (n=12) and gtl-2(lf) 
(n=8) animals. Error bars indicate SEM. No significant differences were observed.  (D). 
Frequencies of endogenous acetylcholine (left) and GABA (right) release in CaCl2 bath solution of 
0.1 mM (wild type (n=14) and  gtl-2(lf) (n=10)), 1 mM (wild type (n=25), gtl-2(lf) (n=12)) and 2 mM 
(wild type (n=14), gtl-2(lf) (n=8)). The insets show the amplitudes of endogenous release events 
in 1 mM CaCl2 bath solution.  Error bars indicate SEM. 
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Figure 3.4. Physiology of gtl-2(lf) and its effects on acr-2(gf).  (A) Paralysis response to 500 
µM aldicarb in gtl-2(lf) compared to wild type.  (B) Representative traces and frequencies of 
endogenous acetylcholine and GABA postsynaptic currents from wild type (n=25), gtl-2(lf) (n=12), 
acr-2(gf) (n=14), and  gtl-2(lf);acr-2(gf) (n=12) animals in 1 mM external CaCl2 bath solution.  (C) 
Paralysis response to 200 µM aldicarb in wild type, acr-2(gf), and gtl-2(0);acr-2(gf) animals.  *, 
p<0.05, compared to acr-2(gf), two-way ANOVA and Bonferroni post hoc tests. (D) Summary of 
frequencies of endogenous acetylcholine (left) and GABA (right) release in CaCl2 bath solutions 
of 0.1 mM (wild type (n=14), acr-2(gf) (n=9), and  gtl-2(lf);acr-2(gf) (n=10)), 0.5 mM (wild type 
(n=12), acr-2(gf) (n=14), and  gtl-2(lf);acr-2(gf) (n=11)), and 1 mM (wild type (n=25), acr-2(gf) 
(n=14), and  gtl-2(lf);acr-2(gf) (n=12)).  Statistics in B, D used SigmaStat 3.5 (Aspire Software 
International): *, p<0.05, ***, p<0.001 by Student’s t-test, or the Mann-Whitney rank sum test for 
GABA data in 0.5 mM CaCl2 according to the normality of datum distribution for data.  Error bars 
indicate SEM. 
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Figure 3.5.  gtl-2 specifically influences the overexcitation phenotype in acr-2(gf). (A) 
Quantification of convulsion frequency in mutants of genotypes indicated. -, no mutation; x, has 
mutation. ***, p<0.001, compared to gtl-2(lf);acr-2(gf), ANOVA and Bonferroni post hoc test.  (B) 
Images of animals of genotype indicated. gtl-2(lf) does not alter locomotion behavior of goa-
1(ep275) animals.  (C) Paralysis response to 200 µM aldicarb in animals of genotypes indicated. 
n=3 trials of 10 animals per genotype.   Error barns indicate SEM. 
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Figure 3.6.  Ion homeostasis plays a key role in the acr-2(gf) phenotype.   (A) Quantification 
of convulsion frequency of acr-2(gf) and gtl-2(lf);acr-2(gf) with genetic mutations in gon-2 and gtl-
1 or treated with gtl-1 RNAi to reduce the function of different TRPM channels. *** = p<0.001, 
ANOVA and Bonferroni post hoc test.  (B) Images of acr-2(gf) animals soaked in either M9 
(control), EDTA or TPEN.  (C) Convulsion frequency of acr-2(gf) and gtl-2(lf);acr-2(gf) soaked in 
the cation chelators EDTA (75 mM), EGTA (75 mM), DTPA (75mM), and TPEN (100 µM). 
Statistics in A, C: ***, p<0.001, ANOVA and Bonferroni post hoc test.  Error barns indicate SEM.  
(D) Model of the regulation of locomotor circuit by ion homeostasis and the three TRPM channels. 
GON-2 and GTL-1 act in the intestine (I) to allow divalent cation influx, whereas GTL-2 acts in the 
excretory cell (EC) for cation efflux (Teramoto et al., 2010)(and this study).  Neuronal activity 
(MN) likely influences local cation levels (dark blue oval).  Our data suggest that both the 
systemic cation fluctuations due to the function of the three TRPM channels as well as local ion 
fluctuations involving GTL-2 in the epidermis (E) modulate the excitability of the locomotor circuit, 
hence contractions of muscles (M).  
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Figure 3.7.  Mg2+ is not directly involved in acr-2(gf) convulsions. (A) Progeny counts of gtl-
2(lf) mutants raised on plates of varying Mg2+ concentrations.  (B) Convulsion frequencies of acr-
2(gf) and gtl-2(lf); acr-2(gf) animals raised at varying Mg2+ concentrations or soaked overnight in 
elevated Mg2+.  There were no significant differences amongst animals of the same genotype by 
ANOVA and Bonferroni post hoc test.  Wild type and gtl-2(lf) single mutant locomotion was not 
affected by these treatments (data not shown).  (C) Representative traces and frequencies of 
endogenous acetylcholine and GABA postsynaptic currents from wild type animals in 1 mM 
MgCl2 (n=6) and 4 mM MgCl2 (n=14) bath solutions. Error bars indicate SEM.  (D) Representative 
traces and frequencies of endogenous acetylcholine and GABA postsynaptic currents from acr-
2(gf) animals in 1 mM MgCl2 (n=14) and 4 mM MgCl2 (n=12) bath solutions.  Error bars indicate 
SEM.   
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Table 3.1.  Strains and Genotypes 

Strain 
Number 

Genotype Allele or Transgene 
Information 

CZ10402 acr-2(n2420)X n2420:  G925a   Val309Met  
(Jospin et al., 2009) 

MT5969 unc-25(n2328)III n2328:  C1465t  
Gln486amber (Jin et al., 
1999) 

JT94 unc-25(sa94)III sa94:   G975a     Met322Ile 
(Jin et al., 1999) 

KP1097 dgk-1(nu62)X nu62:  G499a     Arg167opal 
(Nurrish et al., 1999) 

NM1968 slo-1(js379)V js379:  C751t  Gln251amber 
(Wang et al., 2001) 

CZ11748 unc-25(n2328)III; dgk-1(nu62)X  
CZ11502 unc-25(sa94)III; dgk-1(nu62)X  
CZ11781 unc-25(n2328)III; slo-1(js379)V  
CZ11908 unc-25(sa94)III; slo-1(js379)V  
LH202 gtl-2(tm1463)IV tm1463:  463 bp deletion  

(Teramoto et al., 2010) 
CZ9957 gtl-2(n2618)IV n2618: G679a     Ala227Thr 
CZ10997 gtl-2(eq3)IV; acr-2(n2420)X eq3:     G3191a   

Trp1064amber  
CZ10377 gtl-2(tm1463)IV; acr-2(n2420)X  
CZ9299 gtl-2(n2618)IV; acr-2(n2420)X  
CZ10378 gtl-2(tm1463)IV/gtl-2(n2618)IV 

dpy-20(e1362)IV; acr-
2(n2420)X 

 

CZ13171 gtl-2(n2618)IV/dpy-
20(e1363)IV; acr-2(n2420)  

 

CZ10998 gtl-2(eq3)IV; acr-2(n2420)X; 
eqEx72 [F54D1] 

F54D1 – 5ng/µl 
sur-5::gfp (pTG96)  - 
100ng/µl 

CZ11214 gtl-2(eq3)IV; acr-2(n2420)X; 
eqEx176 [Pgtl-2:gtl-2::gfp] 

Pgtl-2:gtl-2::gfp (pLC646) - 
30 ng/µl 
rol-6 (pRF4) – 70 ng/µl 

CZ11196 gtl-2(n2618)IV; acr-2(n2420)X; 
eqEx72 [F54D1]  

(see above) 

CZ12756 gtl-2(n2618)IV; acr-2(n2420)X; 
juEx3049 [Pdpy-30:gtl-
2cDNA::gfp] 

Pdpy-30:gtl-2cDNA::gfp 
(pCZGY1116) – 5ng/µl 
Pttx-3:rfp – 75 ng/µl 
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Table 3.1.  Strains and Genotypes (continued) 

Strain 
Number 

Genotype Allele or Transgene 
Information 

CZ12477 gtl-2(n2618)IV; acr-2(n2420)X; 
juEx2931 [Pgtl-2:gtl-
2cDNA::gfp] 

Pgtl-2:gtl-2cDNA::gfp– 
5ng/µl 
Pttx-3:rfp – 75ng/µl 

CZ12534 gtl-2(n2618)IV; acr-2(n2420)X; 
juEx2960 [Prgef-1:gtl-
2cDNA::gfp] 

Prgef-1:gtl-2cDNA::gfp 
(pCZGY1139) – 5ng/µl 
Pttx-3:rfp – 75ng/µl 

CZ12955 gtl-2(n2618)IV; acr-2(n2420)X; 
juEx3105 [Pmyo-3:gtl-
2cDNA::gfp] 

Pmyo-3:gtl-2cDNA::gfp 
(pCZGY1117) – 5ng/µl 
Pttx-3:rfp – 75ng/µl 

CZ13273 gtl-2(n2618)IV; acr-2(n2420)X; 
juEx3216 [Psulp-4:gtl-
2cDNA::gfp] 

Psulp-4:gtl-2cDNA::gfp – 
5ng/µl 
Pttx-3:rfp – 75 ng/µl 

CZ12528 gtl-2(n2618)IV; acr-2(n2420)X; 
juEx2959 [Pdpy-7:gtl-
2cDNA::gfp] 

Pdpy-7:gtl-2cDNA::gfp 
(pCZGY1115) – 1ng/µl 
Pttx-3:rfp – 75ng/µl 

LX929 vsIs48 [Punc-17:gfp] (Chase et al., 2004) 
CZ13272 gtl-2(n2618)IV; vsIs48 [Punc-

17:gfp] 
 

CZ1200 juIs76[Punc-25:gfp]II; lin-
15(n765ts)X 

(Huang et al., 2002) 

CZ12608 juIs76[Punc-25:gfp]II; acr-
2(n2420)X 

 

CZ12886 juIs76[Punc-25:gfp]II; gtl-
2(n2618)IV 

 

CZ12510 juIs76[Punc-25:gfp]II; gtl-
2(n2618)IV; acr-2(n2420)X 

 

CZ637 juIs20[Pacr-2:snb-1::gfp] (Jospin et al., 2009) 
CZ5482 acr-2(n2420)X; juIs20[Pacr-

2:snb-1::gfp] 
 

CZ12975 gtl-2(n2618)IV;  juIs20[Pacr-
2:snb-1::gfp] 

 

CZ13104 gtl-2(n2618)IV; acr-2(n2420)X; 
juIs20[Pacr-2:snb-1::gfp] 

 

CZ333 juIs1[Punc-25:snb-1::gfp]IV (Hallam and Jin, 1998) 
CZ5481 juIs1[Punc-25:snb-1::gfp]IV; 

acr-2(n2420)X 
 

CZ13155 gtl-2(n2618)IV juIs1[Punc-
25:snb-1::gfp]IV 
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Table 3.1.  Strains and Genotypes (continued) 

Strain 
Number 

Genotype Allele or Transgene 
Information 

CZ12974 gtl-2(n2618)IV juIs1[Punc-
25:snb-1::gfp]IV; acr-
2(n2420)X;  

 

EG1653 oxIs22(UNC-49::GFP)III; lin-
15(n765ts)X 

(Bamber et al., 1999) 

CZ12104 oxIs22(UNC-49::GFP)III; acr-
2(n2420)X 

 

CZ12120 oxIs22(UNC-49::GFP)III; gtl-
2(n2618)IV 

 

CZ12216 oxIs22(UNC-49::GFP)III; gtl-
2(n2618)IV; acr-2(n2420)X 

 

CZ12318 unc-25(n2328)III; gtl-
2(tm1463)IV 

 

CZ9381 unc-25(n2328)III; acr-
2(n2420)X 

 

CZ12080 unc-25(n2328)III; gtl-
2(tm1463)IV; acr-2(n2420)X 

 

CE1051 goa-1(ep275)I ep275: C705t  Gln205ochre  
(Fitzgerald et al., 2006) 

CZ13105 goa-1(ep275)I; gtl-2(n2618)IV  
CZ13995 gon-2(q388)I; acr-2(n2420)X q388:  G2863t   Glu955Lys  

(West et al., 2001) 
CZ14334 gon-2(q388)I; gtl-2(n2618)IV; 

acr-2(n2420)X 
 

CZ11558 gtl-1(ok375)IV; acr-2(n2420)X ok375:  2713bp deletion 
with 50bp insertion  (Kwan 
et al., 2008) 

CZ12786 gtl-1(dx171)IV gtl-2(tm1463)IV; 
acr-2(n2420)X 

dx171: C1333t  
Gln445amber (Teramoto et 
al., 2010) 
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Table 3.2 DNA Constructs 

Plasmid Name 
(Reference if applicable) 

Promoter 
(Reference if 
applicable) 

Gene 3’ UTR 

Pgtl-2:gtl-2::gfp 
(pLC646) 

8.4 kb upstream 
sequences of ATG 

gtl-2 genomic 
DNA with C-
terminus GFP 
tag 

gtl-2 3’ 
UTR 

Pdpy-30:gtl-
2cDNA::gfp 
(pCZGY1116) 

470 bp upstream 
sequences of ATG 
(Hsu et al., 1995) 

gtl-2 cDNA with 
C-terminus GFP 
tag 

unc-54 
3’ UTR 

Pgtl-2:gtl-2cDNA::gfp 
(Teramoto et al., 2010) 

2.9 kb upstream 
sequences of ATG 

gtl-2 cDNA with 
C-terminus GFP 
tag 

unc-54 
3’ UTR 

Prgef-1:gtl-2cDNA::gfp 
(pCZGY1139) 

3.5kb upstream of 
ATG (Altun-
Gultekin et al., 
2001) 

gtl-2 cDNA with 
C-terminus GFP 
tag 

unc-54 
3’ UTR 

Pmyo-3:gtl-2cDNA::gfp 
(pCZGY1117) 

2.4kb upstream 
sequences of ATG  
(McGhee and 
Krause, 1997) 

gtl-2 cDNA with 
C-terminus GFP 
tag 

unc-54 
3’ UTR 

Psulp-4:gtl-2cDNA::gfp 
(Teramoto et al., 2010) 

4.5kb upstream 
sequences of ATG 
(Sherman et al., 
2005) 

gtl-2 cDNA with 
C-terminus GFP 
tag 

unc-54 
3’ UTR 

Pdpy-7:gtl-2cDNA::gfp 
(pCZGY1115) 

300 bp upstream 
sequences of ATG 
(Gilleard et al., 
1997) 

gtl-2 cDNA with 
C-terminus GFP 
tag 

unc-54 
3’ UTR 
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CHAPTER 4 
 

Neuropeptides function to dampen severity of epileptic-like 
convulsions in C. elegans 

 
Abstract 

 Neuronal circuits need to remain plastic to allow for an organism to learn 

and adapt to its environment.  However, if changes in the nervous system are too 

drastic the organism can no longer function normally, and this is the basis for a 

number of neurological diseases.  Neuropeptides function to allow subtle 

modulation in neuronal networks without changing the underlying circuitry.  

Through activation of G-protein-coupled receptors, neuropeptides can change 

intrinsic properties of neurons or synaptic efficacy, thus changing the way that 

neuron influences the circuit as a whole.  In this chapter I have examined the role 

of neuropeptides in the C. elegans locomotor circuit.  In particular, I focused on 

neuropeptide modulation of an excitation-inhibition imbalance caused by the 

gain-of-function mutation in the ACR-2 receptor.  By examining mutants in the 

peptide processing and release pathway, I identity that the epileptic-like 

convulsions associated with acr-2(gf) can be both up or downregulated.  

Importantly, I show that an inhibitory neuropeptide, FLP-18, expressed in the 

cholinergic motor neurons works to modulate this behavior.  Thus, FLP-18 allows 

the cholinergic motor neurons to attempt to counterbalance their increased 

cholinergic release, due to the acr-2(gf) mutation, with an inhibitory neuropeptide.      
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Introduction 

 Neuropeptides represent vast and diverse modulators of neuronal circuit 

function, and have long been known to play a role in numerous complex 

behavioral systems including learning, feeding, temperature regulation and pain 

sensation (Krieger, 1983; Kow and Pfaff, 1988).  Additionally, neuropeptides are 

implicated in a number of neurological diseases (Blake et al., 2004; Mitsukawa et 

al., 2008; Schwarzer, 2009).  Neuropeptides are generated from propeptides, 

through a series of enzymatic processing steps, and are packaged into large 

dense core vesicles (Fuller et al., 1988; Jung and Scheller, 1991).  The release 

of such vesicles utilizes distinct protein fusion machinery from synaptic vessicles, 

but still occurs in response to Ca2+ influx (Suudhof, 2008).  While great strides 

have been made there still remains much to learn about how neuropeptides 

influence neuronal circuits to modulate behavior, and what goes wrong with this 

modulation in disease.   

C. elegans is an excellent system for further analyzing the role of 

neuropeptides in behavior due to its well defined nervous system and a number 

of easily quantifiable behaviors (de Bono and Maricq, 2005).  A number of genes 

have been identified that are important for peptidergic transmission in C. elegans 

(Li and Kim, 2008), further facilitating the examination of neuropeptides’ influence 

on neuronal circuits and behaviors.  In C. elegans peptide genes are generally 

classified as flp for FMRFamide-like peptides, ins for insulin like genes, and nlp 

for neuropeptide-like protein, a group containing all non flp and ins genes (Li and 

Kim, 2008).  Like in other organisms at least two different enzymes have been 
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shown to be required for neuropeptide processing in C. elegans, EGL-3 and 

EGL-21.  Both these genes are expressed primarily in the nervous system (Kass 

et al., 2001; Jacob and Kaplan, 2003; Li and Kim, 2008).  EGL-3 is a protein 

convertase functioning to cleave the propeptide C-terminal to dibasic residues 

flanking the sequence of the various peptides (Li and Kim, 2008).  Null mutations 

in this gene cause a significant reduction in staining for FMRFamide-related 

peptides (FaRPs) using an antibody that only recognizes fully processed 

peptides (Jacob and Kaplan, 2003).  Additionally, mass spectrometry fails identify 

any properly processed neuropeptides in egl-3 null mutants (Husson et al., 

2006).  After the convertase processing step EGL-21, a carboxypeptidase E, 

functions to remove the remaining basic residues at the C-terminus of the newly 

cleaved peptides (Li and Kim, 2008).  Null mutations in egl-21 have been shown 

to eliminate FaRP staining (Jacob and Kaplan, 2003), and result in a number of 

peptides with C-terminal extensions in mass spectrometry analysis (Husson et 

al., 2007).   

Mutations in both egl-3 and egl-21 show similar phenotypes including 

sluggish movement and a reduction in sensitivity to the acetylcholinesterase 

inhibitor aldicarb (Jacob and Kaplan, 2003).    This further supports the idea that 

they are both functioning in the processing of neuropeptides, and that peptide 

signaling modulates neuronal activity and behavior.  However, double mutants 

show increased aldicarb resistance over either single mutant suggesting they do 

not have completely overlapping functions.  As mass spectrometry and staining 

suggests egl-3 and egl-21 do not affect all peptides, and C. elegans are known to 
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contain other protein convertase and carboxypeptidase homologues, it is likely 

these homologues have nonidentified roles in peptide processing as well. 

 C. elegans locomotor behavior has been shown to be the result of 

coordinated activity between excitatory cholinergic neurons and inhibitory 

GABAergic neurons (White et al., 1976).  Additionally, mutations in a number of 

neuropeptide related genes have been shown to influence locomotor circuit 

activity and behavior (Li, 2005; Sieburth et al., 2005) and mutations in the CAPS 

homologue, unc-31 necessary for dense core vesicle release severely impairs 

locomotion (Charlie et al., 2006).  We have previously shown that the ACR-2 

receptor expressed in the cholinergic motor neurons plays a key role in 

controlling the balance between this excitatory and inhibitory neurotransmission 

(Jospin et al., 2009).  Gain of function mutations in the ACR-2 receptor cause an 

increase in cholinergic excitation and decrease in GABAergic inhibition leading to 

spontaneous epileptic-like whole body convulsions (Jospin et al., 2009).  In this 

study we examine the role of neuropeptides in this pathological condition to gain 

a better understanding how neuropeptides function to maintain normal neuronal 

circuit activity levels and resultant behaviors.   

 

Results 

Dense core vesicle release exclusively from cholinergic motor neurons 

ameliorates convulsions 
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 In C. elegans a gain of function mutation in the acetylcholine receptor 

subunit ACR-2 expressed in cholinergic motor neurons causes spontaneous 

epileptic-like whole body convulsions (Jospin et al., 2009).  We have previously 

shown that these mutants show an imbalance of excitation and inhibition with 

increased cholinergic motor neuron activity and decreased GABAergic motor 

neuron activity (Jospin et al., 2009).  However, the role of neuronal activity 

modulation via non- fast synaptic transmission has not yet been examined in this 

phenotype.  To investigate the role of neuropeptide modulation of these 

convulsions we blocked dense core vesicle release by introducing a mutation in 

the CAPS homologue, unc-31, (Speese et al., 2007) to the acr-2(gf) background.  

We found that unc-31(lf); acr-2(gf) double mutants showed an overall decreased 

locomotion and a significant reduction in the frequency of convulsions as 

compared to the acr-2(gf) mutants alone (Figure 4.1A), suggesting dense core 

vesicles release a component that works to enhance acr-2(gf) convulsions.   

We were concerned whether the decrease in convulsions was simply an 

artifact from decreased locomotion.  To see if we could separate the convulsion 

and locomotor phenotype we performed cell specific rescue of unc-31.  

Panneuronal expression of unc-31 was able to significantly rescue the decrease 

in convulsions.  Interestingly, expression of unc-31 specifically in the cholinergic 

motor neurons in unc-31(lf); acr-2(gf) double mutants greatly improved 

locomotion while further suppressing convulsions (Figure 4.1B).  This significant 

further suppression is only seen in the unc-31(lf); acr-2(gf) background (Figure 

4.2A), suggesting it is due to having UNC-31 specifically in the cholinergic motor 
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neurons and is not simply an artifact of the transgene.  Expression of unc-31 in 

either the upstream command interneurons or downstream GABAergic motor 

neurons had no influence (Figure 4.1B).  This led us to hypothesize that the 

excitatory effect of dense core vesicle release could be due to the reduced 

locomotion in unc-31(lf); acr-2(gf) masking our ability to detect convulsions.  

However, this is a clear cut inhibitory component of dense core vesicles released 

from the cholinergic motor neurons. 

 

Peptides requiring protein convertase EGL-3 exerts an inhibitory effect on 

acr-2(gf) convulsions 

 As dense core vesicles are known to contain other components besides 

neuropeptides (Michael et al., 1997; Mowla et al., 1999; Specht et al., 2003; 

Guan et al., 2005; Sadakata et al., 2007) we wanted to test the role of 

neuropeptides specifically on acr-2(gf) convulsions.  In C. elegans neuropeptides 

are known to be processed by the protein convertase EGL-3 and 

carboxypeptidase EGL-21 (Li and Kim, 2008), therefore we wanted to test the 

effects of these genes on acr-2(gf) convulsions to see if neuropeptides were 

involved in the dense core vesicle effect.  Surprisingly, we found that mutations in 

egl-21 had no effect on acr-2(gf) convulsions or locomotion whereas mutations in 

egl-3 actually enhanced convulsions while slightly reducing locomotion, the 

opposite of what was seen with mutations in unc-31 (Figure 4.1C).  This result 

was verified for multiple alleles of egl-3 and egl-21 (data not shown).  

Additionally, we found that mutations in sbt-1, a molecular chaperone needed for 
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EGL-3 function (Husson and Schoofs, 2007), similarly enhanced acr-2(gf) 

convulsions.  Moreover, egl-21(lf); egl-3(lf); acr-2(gf) triple mutants behave 

similar to egl-3(lf); acr-2(gf).  While egl-3 and egl-21 have previously been shown 

to have additive effects (Jacob and Kaplan, 2003), this is a rare example of egl-3 

mutants having a phenotype not seen in egl-21 mutants.  Additionally, this is the 

only example to our knowledge of egl-3 and unc-31 having opposite effects. 

Our unc-31 rescue results suggest that dense core vesicles released from 

the cholinergic motor neurons contain a component inhibiting acr-2(gf) 

convulsions.  Examination of neuropeptide processing enzymes shows that 

mutations in egl-3 but not egl-21 enhance acr-2(gf) convulsions.  This suggests 

that the inhibitory dense core vesicle component released from cholinergic motor 

neurons is a neuropeptide dependent on EGL-3, but not EGL-21 processing.  

Indeed we found that EGL-3 was functioning in the cholinergic motor neurons 

(Figure 4.1D) and that it was required for the significant further suppression 

caused by expression of unc-31 specifically in the cholinergic motor neurons 

(Figure 4.2B).  Although previous reports have revealed a primarily excitatory 

effect of these peptide processing and release genes, as mutations in unc-31, 

egl-3 and egl-21 have all been shown to cause aldicarb resistance and reduced 

locomotion (Jacob and Kaplan, 2003; Charlie et al., 2006), the analysis here 

using and excitation-imbalance convulsive model in acr-2(gf) has revealed a 

subset of EGL-3 processed peptides that are inhibitory in nature. 
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FLP-1 and FLP-18 act to inhibit cholinergic motor neuron activity and acr-

2(gf) convulsions 

 To determine the neuropeptides responsible for the inhibition of egl-3 

convulsions we took a candidate gene approach.  We tested neuropeptide genes 

that had either previously been shown to be expressed in the locomotor circuit, or 

were known to affect locomotion, for their ability to influence acr-2(gf) 

convulsions.  We found that single mutations in all of the neuropeptide genes 

tested failed to significantly effect acr-2(gf) convulsions (Figure 4.3).  This 

suggests that the effects we were seeing could be due to a group of peptides 

rather a single gene.  Therefore, we made double mutants of peptide genes with 

similar expression patterns or comparable phenotypes.  In doing so we found 

that double mutants of both flp-1 and flp-18 were able to significantly enhance 

acr-2(gf) convulsions similar to what was seen in egl-3 and sbt-1 mutants (Figure 

4.4A).   

 To determine the effects of these peptides on the locomotor circuit activity 

underlying acr-2(gf) convulsions we tested the sensitivity of animals to the 

acetylcholinesterase inhibitor aldicarb (Rand, 2007).  Mutations in either flp-1 or 

flp-18 alone showed a slight but not significant increase in the sensitivity of acr-

2(gf) to aldicarb (Figure 4.4B).  In contrast double mutants in flp-1 and flp-18 did 

show a significant increased sensitivity to aldicarb when combined with acr-2(gf) 

(Figure 4.4B).  In the absence of the acr-2(gf) mutation flp-1 and flp-18 mutants 

do not enhance aldicarb hypersensitivity (Figure 4.4C).  This suggests both FLP-

1 and FLP-18 function in acr-2(gf) mutant worms to decrease cholinergic motor 
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neuron activity. When both peptides are removed there is a significant increase 

in motor neuron activity and a resultant increase in the convulsion frequency of 

these animals.  Therefore, it appears that FLP-1 and FLP-18 likely represent a 

subset of the EGL-3 processed group of inhibitory neuropeptides.   

 

Discussion 

In this study we show that EGL-3 functions in the cholinergic motor 

neurons to produce a peptide that is able to inhibit the severity of the acr-2(gf) 

phenotype.  SBT-1 is also important for the processing of this peptide whereas 

EGL-21 is not.  It is generally believed that the majority of neuropeptides in C. 

elegans require EGL-3 and EGL-21 for processing (Li and Kim, 2008).  However, 

it has been noted that mutations in egl-3 and egl-21 have additive effects on 

aldicarb resistance (Jacob and Kaplan, 2003), suggesting these two genes also 

have parallel functions.  Indeed, there are other protein convertase and 

carboxypeptidase genes in C. elegans that have not been well characterized 

phenotypically (Li, 2005).  As presumably another carboxypeptidase is 

substituting for EGL-21 in the processing of the inhibitory peptides we’ve 

identified, the acr-2(gf) model could be used in the future to test uncharacterized 

C. elegans carboxpeptidase genes for a phenotype. 

Preliminary results suggest, FLP-1 and FLP-18 are a subset of the 

peptides EGL-3 is processing to influence the acr-2(gf) phenotype.  FLP-18 is 

known to be expressed in the cholinergic motor neurons (Cohen et al., 2009) and 
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proteomic studies have shown certain peptides made by the flp-18 gene require 

SBT-1 for processing but not EGL-21 (Husson et al., 2007; Husson and Schoofs, 

2007).  Therefore, FLP-18 fits as the inhibitory peptide in the acr-2(gf) phenotype.  

FLP-1, however, has not been shown to be expresed in the cholinergic motor 

neurons (Nelson et al., 1998).  It is possible that the mutation in flp-1 simply 

provides a sensitized background where the FLP-18 effect can be observed. 

 How might FLP-18 be influencing the locomotor circuit?  flp-18 derived 

peptides have previously been shown to activate three receptors NPR-1, NPR-4, 

and NPR-5, all of which are G-protein-coupled receptors (Rogers et al., 2003; 

Cohen et al., 2009).  Two of these receptors are known to be expressed in the 

locomotor circuit.  NPR-1 is expressed on GABAergic motor neurons, amongst 

other cells (Coates and de Bono, 2002), and NPR-5 is known to be expressed on 

the muscle (Cohen et al., 2009).  Therefore FLP-18 could signal to either of these 

two cells in a form of feed forward inhibition (Figure 4.5).  In the case of the 

GABAergic neurons FLP-18 would presumably increase their activity to 

counterbalance the increased excitatory activity in the cholinergic motor neurons 

caused by acr-2(gf).  In the case of the muscle FLP-18 would presumably 

function to make the muscle less responsive to cholinergic input.  Testing the 

roles of these two receptors on acr-2(gf) convulsions should reveal if FLP-18 is 

working through them.  On the other hand it is possible that FLP-18 works on an 

unidentified receptor in the cholinergic motor neurons causing feedback 

inhibition. 
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 This concept of a neuropeptide working to inhibit seizures is not unique to 

invertebrates.  The vertebrate neuropeptide galanin has been shown to play a 

key role in epilepsy (Lundstrom et al., 2005; Lerner et al., 2008) similar to what 

we see with FLP-18.  Mice lacking galanin or its receptor show spontaneous 

seizures not seen in wild type animals (Mazarati et al., 2000; Jacoby et al., 

2002).  Additionally, galanin receptor knockout mice show increased expression 

of galanin (Fetissov et al., 2003).  As galanin is known to be upregulated in a 

number of neurological conditions it is likely the same is true for epilepsy 

(Mitsukawa et al., 2008).  Galanin has been shown to have antiepileptic activity 

as galanin agonists inhibit seizures (Lerner et al., 2008) presumably through 

specifically inhibiting glutamate but not GABA release (Mitsukawa et al., 2008).  

Therefore, the model for galanin’s role in epilepsy is that the increased excitation 

increases galanin levels in an attempt to normalize the excitation and inhibtion 

balance by reducing glutamatergic transmission.  In the case of acr-2(gf) 

convulsions one model could be that FLP-18 is used to normalize the excitation 

and inhibition balance by either increasing GABAergic activity or decreasing 

cholinergic activity.  It remains to be tested if FLP-18 expression or release is 

increased in the case of the acr-2(gf) mutation. 

 

Materials & Methods 

Genetics, Molecular Biology and Transgenes 

 All C. elegans strains were grown on NGM plates at room temperature 

(20-22°C) as described.  For deletion alleles strains were first backcrossed two 
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times before being used for strain construction.  All double mutants were 

constructed using standard procedures, and genotypes were confirmed by allele 

sequence determination. 

 General molecular biology was performed according to standard methods 

(Sambrook et al., 1989).  unc-31 rescue constructs were generated using 

Gateway recombination technology (Invitrogen, CA) (Walhout et al., 2000) and 

an unc-31 cDNA pDONR construct provided by Kaveh Ashrafi (Lee and Ashrafi, 

2008) with the exception of Punc-17β:unc-31 which was provided by Ken Miller 

(Charlie et al., 2006). egl-3 rescue constructs were also generated using 

Gateway recombination with a genomic egl-3 PCR8 construct with the exception 

of Pglr-1:egl-3 which was provided by Josh Kaplan (Kass et al., 2001). 

 

Quantification of convulsion behavior  

 Ten to twenty L4 larvae were placed on freshly seeded NGM plates.  The 

following day, young adults were transferred to fresh plates and recorded by 

video for 90 seconds, five frames per second.  Eight animals were recorded for 

each genotype per trial and at least two trials were performed per genotype.  

Videos were scored by an observer blind to genotype.  A “convulsion” was 

defined as a visible shortening in the animal’s body length. 

 

Pharmacology analysis 

L4 animals were picked the day before an experiment.  The day of the 

experiment ten young adults per genotype were placed on plates containing 150 
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µM aldicarb, and the effects on animal movement were observed at 30 minute 

intervals.  Animals were scored as paralyzed when no body movements were 

observed, even in response to touch. 
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Figure 4.1.  Neuropeptide related genes differentially regulate acr-2(gf) convulsions.  (A) 
Mutations in unc-31, the gene responsible for Dense Core Vessicle docking, significantly 
suppress convulsion in acr-2(gf).  *** = p<0.001 by ANOVA and Bonferroni post hoc test.   (B) 
Expressing unc-31 specifically in the cholinergic motor neurons causes a significant further 
suppression of convulsions as compared to simply mutating unc-31.  ** = p<0.01 by ANOVA and 
Dunnett’s post hoc test.  (C) Neuropeptide processing enzyme EGL-3 significantly enhances 
convulsions when mutated, whereas mutations in egl-21 have no effect.  **= p<0.01 by ANOVA 
and Dunnett’s post hoc test.  (D) EGL-3 is functioning in the cholinergic motor neurons, the same 
cell type where unc-31 specific expression shows further suppression of convulsions.  ** = 
p<0.01, * = p<0.05, by ANOVA and Dunnett’s post hoc test. 
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Figure 4.2.  Cholinergic motor neurons specific expression of unc-31 reveals the source of 
inhibitory neuropeptides.  (A) Expressing unc-31 by transgene specifically in the cholinergic 
motor neurons only has an effect when endogenous unc-31 is absent.  (B) The suppression of 
convulsions caused by cholinergic motor neurons specific unc-31 expression is dependent on 
egl-3.  * = p<0.05, by ANOVA and Bonferroni post hoc test.  
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Figure 4.3.  The tested peptide single mutants failed to affect acr-2(gf).  Candidate 
neuropeptide genes mutantes were tested for effects on acr-2(gf) convulsions.  We failed to see 
any significant effects in FMRF-amide (A), neuropeptide like proteins (B), or insulins (C).  
Candidate genes were chosen based on available mutants, expression in the locomotor circuit, or 
previously published involvement in locomotion.  Lack of significance was determined by ANOVA 
test. 
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Figure 4.4.  flp-1 and flp-18 represent a subset of inhibitory neuropeptides.  (A) Convulsion 
frequency of acr-2(gf) combined with mutations in flp-1, flp-18 and both genes.  ** = p<0.01 by 
ANOVA and Dunnett’s post-hoc test.  flp-1(lf); flp-18(lf) double mutants but neither single mutant 
significantly enhances the frequency of acr-2(gf) convulsions.  (B) Rate of paralysis of acr-2(gf) 
with or without mutations in flp-1 and flp-18 on 150µM aldicarb plates.  Again flp-1(lf); flp-18(lf) 
double mutants but neither single mutant significantly enhances the frequency of acr-2(gf) 
convulsions.  ** = p<0.01 by two-way ANOVA and Bonferroni post-hoc test.  (C) Rate of paralysis 
of flp-1 and flp-18 mutants without the acr-2(gf) mutation. 
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Figure 4.5.  Model of flp-18 in the locomotor system.  FLP-18 has two known receptors 
expressed in the locomotor circuit, NPR-1 on GABAergic neurons and NPR-5 on muscle cells. 
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Table 4.1.  Strains and Genotypes 

Strain 
Number 

Genotype Allele or Transgene 
Information 

CZ10402 acr-2(n2420)X n2420:  G925a   Val309Met  
(Jospin et al., 2009) 

CB928 unc-31(e928)IV e928:  5.2kb deletion 
(Livingstone, 1991) 

MT6651 unc-31(e928)IV; acr-2(n2420)X  
CZ10347 unc-31(e928)IV; acr-2(n2420)X; 

Prgef-1:unc-31cDNA(juEx2246) 
Pregf-1:unc-31cDNA 
(pCZGY870) - 35 ng/µl,  
Pttx-3:rfp – 75 ng/µl 

CZ10841 unc-31(e928)IV; acr-2(n2420)X; 
Punc-17β:unc-31cDNA 
(juex2374) 

Punc-17β:unc-31cDNA 
(KG126) - 35 ng/µl  (Charlie 
et al., 2006), 
Pttx-3:rfp - 75 ng/µl 

CZ10791 unc-31(e928)IV; acr-2(n2420)X; 
Pnmr-1:unc-31cDNA(juex2353)  

Pnmr-1:unc-31cDNA 
(pCZGY904) – 35 ng/µl,  
Pttx-3:rfp – 75 ng/µl 

CZ10302 unc-31(e928)IV; acr-2(n2420)X; 
Punc-25:unc-
31cDNA(juex2244) 

Punc-25:unc-31cDNA 
(pCZGY868) – 35 ng/µl,  
Pttx-3:rfp – 75 ng/µl 

CZ11285 acr-2(n2420)X; Punc-17β:unc-
31cDNA (juex2374) 

 

CZ10637 egl-21(n476)IV; acr-2(n2420)X n476:  123 bp deletion 
(Jacob and Kaplan, 2003) 

CZ9315 egl-3(nr2090)V; acr-2(n2420)X nr2090:  1188 bp deletion 
(Kass et al., 2001) 

CZ11984 egl-21(n476)IV; egl-3(nr2090)V; 
acr-2(n2420) 

 

CZ11376 sbt-1(ok901)V; acr-2(n2420)X ok901:  1382 bp deletion 
(Husson and Schoofs, 
2007) 

CZ10346 unc-31(e928)IV; egl-3(n589)V;  
acr-2(n2420)X 

n598:  G1487a  Cys496Tyr 

CZ10677 egl-3(ok979)V; acr-2(n2420)X ok979:  1579 bp deletion 
CZ11977 egl-3(ok979)V; acr-2(n2420)X; 

Prgef-1:egl-3(juex2720) 
Prgef-1:egl-3 (pCZGY1076) 
– 20 ng/µl, 
Pttx-3:rfp – 75 ng/µl 

CZ11854 egl-3(ok979)V; acr-2(n2420)X; 
Pglr-1:egl-3(juex2668) 

Pgrl-1:egl-3 (KP509) – 20 
ng/µl (Kass et al., 2001), 
Pttx-3:rfp – 75 ng/µl 
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Table 4.1 Strains and Genotypes (continued) 

Strain 
Number 

Genotype Allele or Transgene 
Information 

CZ12111 egl-3(ok979)V; acr-2(n2420)X; 
Punc-17β:egl-3(juex2774) 

Punc-17β:egl-3 
(pCZGY1097) – 20 ng/µl, 
Pttx-3:rfp – 75 ng/µl 

CZ9813 unc-31(e928)IV; acr-2(n2420)X; 
Punc-17β:unc-31cDNA (ceIs19) 

Punc-17β:unc-31cDNA 
(KG126) - 75 ng/µl, 
Punc-17β:GFP (RM605) – 
25ng/µl (Charlie et al., 
2006) 

CZ10430 unc-31(e928)IV; egl-3(n589)V; 
acr-2(n2420)X; Punc-17β:unc-
31cDNA (ceIs19) 

 

CZ9524 flp-1(yn4)IV; acr-2(n2420)X yn4:  2.1kb deletion (Nelson 
et al., 1998) 

CZ10144 flp-9(ok2730)IV; acr-2(n2420)X ok2730:  432 bp deletion + 
19 bp insertion 

CZ10973 flp-11(tm2706)X acr-2(n2420)X tm2706:  154 bp deletion 
CZ10927 flp-13(tm2427)IV; acr-

2(n2420)X 
tm2427:  380 bp deletion 

CZ10676 flp-18(tm2179)X acr-2(n2420)X tm2179:  1286 bp deletion 
CZ10429 acr-2(n2420)X flp-20(ok2964)X  
CZ11479 flp-21(ok889)V; acr-2(n2420)X ok889:  1786 bp deletion 
CZ12583 acr-2(n2420)X nlp-3(tm3023)X tm3023:  354 bp deletion 
CZ14323 acr-2(n2420)X nlp-7(tm2984)X tm2984:  1758 bp deletion 
CZ12171 nlp-9(tm3572)V; acr-2(n2420)X tm3572:  110 bp deletion + 

2 bp insertion 
CZ10040 nlp-12(ok335)IV; acr-2(n2420)X ok335:  1070 bp deletion 
CZ12610 acr-2(n2420)X nlp-14(tm1880)X tm1880:  661 bp deletion + 

12 bp insertion 
CZ12286 nlp-15(ok1512)I; acr-2(n2420)X ok1512:  889 bp deletion 
CZ10948 ins-3(ok2488)II; acr-2(n2420)X ok2488:  1449 bp deletion 
CZ10857 ins-4(ok3534)II; acr-2(n2420)X    
CZ10877 ins-11(tm1053)II; acr-

2(n2420)X 
tm1053:  341 bp deletion 

CZ11427 ins-15(ok3444)II; acr-
2(n2420)X 

 

CZ10774 ins-18(ok1672)I; acr-2(n2420)X ok1672:  940 bp   
CZ11414 ins-22(ok3616)III; acr-

2(n2420)X 
 

CZ11768 ins-27(ok2474)I; acr-2(n2420)X ok2474:  461 bp deletion 
CZ11480 ins-28(ok2722)I; acr-2(n2420)X ok2722:  584 bp deletion 
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Table 4.1 Strains and Genotypes (continued) 

Strain 
Number 

Genotype Allele or Transgene 
Information 

CZ11481 ins-30(ok2343)I; acr-2(n2420)X ok2343:  1078 bp deletion 
CZ11325 ins-35(ok3297)V; acr-

2(n2420)X 
 

CZ11341 flp-1(yn4)IV; flp-18(tm2179)  
acr-2(n2420)X 

 

NY16 flp-1(yn4)IV  
CZ10206 flp-18(tm2179)X  
CZ12078 flp-1(yn4)IV; flp-18(tm2179)X  

 
Information on tm and ok alleles came from www.wormbase.org 
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CHAPTER 5 

Conclusions and Discussion 

The currently available epilepsy medications focus on primarily modulating 

fast synaptic transmission through their actions on either voltage gated ion 

channels or the GABAergic signaling system (Elger and Schmidt, 2008).  While 

these drugs can be effective in many patients about one third of people with 

epilepsy fail to respond to these drugs (Kwan and Brodie, 2000).  Additionally the 

currently available epilepsy medications often have unpleasant side effects 

(Kennedy and Lhatoo, 2008).  In this dissertation I have shown work on a novel 

C. elegans disease model, where epileptic-like convulsions can be modulated by 

mechanisms outside of direct effects on fast synaptic transmission. 

In Chapter 2 I introduced the gain of function acr-2(gf) mutation which was 

originally identified when screening for mutants defective in GABAergic 

transmission.  Interestingly, this mutant not only showed decreased GABAergic 

inhibition but also increased cholinergic excitation.  Similar acetylcholine receptor 

mutants have been implicated in an inherited form of epilepsy (Marini and 

Guerrini, 2007), where they also cause an imbalance of excitation and inhibition 

in neuronal networks (Klaassen et al., 2006).  Indeed I found that our acr-2(gf) 

animals exhibited whole body muscle convulsions, reminiscent of seizures seen 

in epilepsy (Fisher et al., 2005) and that these convulsions could be blocked by 

inhibiting cholinergic transmission, thus normalizing the excitation-inhibition 

imbalance. 
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 One of the advantages of having a disease model in C. elegans is the 

ability to carry out forward genetic screens (Brenner, 1974).  In the past this 

approach has proven fruitful in identifying novel genes and pathways involved in 

multiple diseases (Baraban, 2007; Markaki and Tavernarakis, 2010).  A 

suppressor screen was carried out on the acr-2(gf) mutant for this reason, and 

the results of that screen were discussed in Chapters 2 and 3.  The majority of 

suppressors identified were components of the ACR-2 receptor complex.  This 

was shown in Chapter 2 where known acetylcholine subunit or processing genes 

were identified, shown to function in the same cholinergic neurons as the acr-2 

gene, and shown to be able to form a functional cholinergic receptor when 

reconstituted in Xenopus oocytes.   

 Traditionally subunit composition of acetylcholine receptors are 

determined through a combination of biochemical and electrophysiological 

approaches (Gotti and Clementi, 2004).  However, these approaches have a 

number of pitfalls.  First it has remained difficult to develop antibodies or 

pharmacological tools that are specific for only a single acetylcholine receptor 

subtype, thus complicating biochemical approaches (Gotti et al., 2007).  Whereas 

the electrophysiological approaches often use heterologous cells which can 

either allow for subunit combinations not seen in neurons, or lack a necessary 

accessory protein for subunit assembly (Albuquerque et al., 2009).  Additionally, 

studies in heterologous cells require an initial choice of subunits to test.  The use 

of suppressor screening of a mutant acetylcholine subunit allows an easy way to 
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identify the relevant subunits and accessory proteins in vivo of a particular 

receptor. 

 In Chapter 3 an additional suppressor gene was identified, TRPM 

homologue, gtl-2.  Unlike previously identified suppressors this gene was not 

expressed in the nervous system and was actually shown to function in the 

epidermis and excretory cell to influence the imbalanced neuronal activity seen in 

acr-2(gf).  In C. elegans the epidermis is closely juxtaposed to the ventral nerve 

cord and has been previously shown to play a glia like role in regulating the 

nervous system of the related nematode Ascaris (Davis, 1998; Blair et al., 2003).  

As nematodes are simpler organisms with fewer cells than vertebrates, it is 

possible that the epidermis is an evolutionary precursor to glia cells in these 

animals.  In human epilepsy a number of ion channels expressed in glia have 

been shown to be disrupted and are considered a novel target in the search of 

epilepsy drugs (Seifert et al., 2010).  The work presented this dissertation further 

supports that glia or glia like tissue can play a key role in epilepsy and introduces 

TRPM channels as a new molecular target to investigate in that role. 

In addition to the role of gtl-2 in the epidermis its role in the excretory cell 

highlights a more global form of regulation.  Indeed I found that two of the other 

TRPM channels expressed in C. elegans that control ion homeostasis, play a 

role in the acr-2(gf) convulsion phenotype.  Additionally, global heavy metal 

chelation can eliminate acr-2(gf) caused convulsions.  There has been increasing 

evidence that whole body systemic changes in metabolism can feed back to 

influence the function of the nervous system (Stangl and Thuret, 2009; Valdez et 
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al., 2010).  Recent studies show that changes in diet can influence the levels of 

adult neurogenesis in the hippocampus (Stangl and Thuret, 2009), and age 

related change in synapses (Valdez et al., 2010).  Additionally, dietary changes 

in the form of the Ketogenic diet, a modified Atkins diet, have long been used in 

the treatment of drug resistant epilepsy (Bailey et al., 2005; Hartman et al., 

2007).  The work reported in this dissertation further supports that systemic 

whole body metabolic changes can feed back to influence the nervous system, 

and introduces TRPM channels as a novel molecular target for systemic 

modulations of the nervous system. 

While the work presented in Chapter 3 clearly shows the role of ion 

homeostasis, specifically heavy metals, in nervous system function, the exact 

ions responsible have yet to be clearly identified.  Zinc is a promising candidate 

molecule as it has previously been shown to both increase cholinergic 

transmission and decrease GABAergic transmission (Hsiao et al., 2001; Smart et 

al., 2004).  However, experiments to test whether Zn2+ could directly influence 

acr-2(gf) convulsions or physiology in the locomotor circuit were complicated due 

to the lack of solubility of Zn2+ in the standard media used for these experiments.  

The use of solutions known to increase Zn2+ solubility will be needed in the future 

to clarify this point. 

Lastly, in Chapter 4 of this dissertation the role of neuropeptides on acr-

2(gf) generated convulsions was investigated.  I found that while elimination of all 

dense core vesicle release reduced convulsions, specifically eliminating a subset 

of neuropeptides, processed by the protein convertase EGL-3, actually enhanced 
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convulsions.  This suggests multiple roles for dense core vesicle components in 

the acr-2(gf) convulsive phenotype.  Upon further investigation I found that the 

cholinergic motor neurons themselves released the neuropeptides that increased 

convulsions when eliminated, and that FLP-1 and FLP-18 were partially 

responsible for this effect.   

As Chapter 2 and 3 showed that cholinergic motor neuron activity is 

increased in the case of acr-2(gf) mutants, this suggests that to attempt to 

normalize circuit activity levels in response to this increase the cholinergic motor 

neurons release inhibitory neuropeptides.  These peptides can then either 

function through feed forward inhibition on the GABAergic motor neurons or 

muscles, or feedback inhibition on the cholinergic motor neurons themselves to 

renormalize circuit activity levels.  Discovery of the receptors responsible for 

these neuropeptide effects will give a better understanding as to their mode of 

action.  The neuropeptide galanin plays a similar role in vertebrate models of 

epilepsy by hyperpolarizing glutamatergic neurons, thus inhibiting glutamate 

release (Zini et al., 1993; Lundstrom et al., 2005).  For this reason, galanin is 

seen as a promising new drug target in epilepsy (Mitsukawa et al., 2008). 

Overall this work shows two means of ameliorating imbalances of 

excitation and inhibition in vivo, control of systemic and local ion homeostasis, 

and neuropeptide modulation.  Both of these means are independent of the fast 

synaptic transmission which is the typical target for epilepsy drugs, a disease 

whose hallmark is excitation and inhibition imbalance (McCormick and Contreras, 

2001).  Further investigation of the mechanisms of these two forms of convulsion 
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suppression should provide targets for investigating in mammalian animal 

models of epilepsy.  Specifically, it remains to be determined the exact cations 

important in ion homeostasis and the downstream cellular effects of neuropeptide 

modulation.  Once these are known they hold the potential to offer multiple new 

drug targets for patients with epilepsy refractory to the currently available 

treatments.  This work also further supports the growing feel in the epilepsy field 

that it is important to look outside of fast synaptic transmission to treat this 

disease. 
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