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SUMMARY	

	

Nicotinic	acetylcholine	receptors	(nAChR)	are	present	in	many	excitable	

tissues	and	are	found	both	pre	and	post-synaptically	(1).	Through	their	non-specific	

cationic	permeability,	these	nAChRs	have	excitatory	roles	in	neurotransmission,	

neuromodulation,	synaptic	plasticity,	and	neuroprotection	(2,	3).	Thus,	nAChR	

mislocalization	or	functional	deficits	are	associated	with	many	neurological	disease	

states	(4).	Therefore	identifying	the	mechanisms	that	regulate	nAChR	expression	

and	function	will	inform	our	understanding	of	normal	as	well	as	pathological	

conditions	and	offer	avenues	for	potential	therapeutic	advances.		

Taking	advantage	of	the	genetic	tractability	of	the	soil	nematode	C.	elegans,	a	

forward	screen	was	done	to	isolate	regulators	of	the	vertebrate	α7	nAChR	

homologue	ACR-16.	From	this	screen	three	novel	regulators	of	the	ACR-16	receptor	

were	identified:	sca-1,	vab-1,	and	f59d12.1.	Further	examination	of	these	three	genes	

promises	to	shed	light	on	previously	uncharacterized	pathways	of	regulation	of	the	

ACR-16	receptor.	
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I.	INTRODUCTION	

	

I.a	nAChRs	structure	and	function	in	vertebrates	

In	mammals	nAChRs	belong	to	the	Cys-loop	ligand-gated	ion	channel	

superfamily,	which	also	includes	GABA	(γ-aminobutyric	acid),	glycine,	and	5-HT3	

receptors	(5).	nAChRs	are	responsible	for	all	skeletal	muscle	excitability,	and	

function	in	both	the	peripheral	and	central	nervous	systems	as	well	as	other	non-

neuronal	tissues.		The	human	genome	encodes	for	seventeen	nAChR	subunits,	found	

in	several	unique	pentameric	combinations,	providing	a	rich	variety	of	receptor	

types.	In	skeletal	muscles	the	receptor	subunit	composition	varies	based	on	

developmental	stage.	In	fetal	skeletal	muscles	the	receptors	have	a	subunit	

composition	of	two	α1	subunits	and	one	β1,	γ,	and	δ	subunit,	while	in	the	adult	

skeletal	muscle	an	ε	subunit	replaces	the	γ	subunit.	These	heteropentamers	form	

two	acetylcholine	(ACh)	ligand-binding	sites:	the	first	between	an	α	subunit	and	

either	the	γ	subunit	in	fetal	skeletal	muscles	or	the	ε	subunits	in	adult	skeletal	

muscles,	the	second	between	the	α	and	δ	subunits,	regardless	of	developmental	

stage	(Fig.	1A).	When	both	ACh	binding	sites	are	occupied,	a	conformational	change	

in	the	receptor	results	in	the	opening	of	the	receptor	channel.	These	receptors	are	

located	on	postsynaptic	folds	in	the	muscle	membrane	and	control	excitation-

contraction	coupling	(6,	7).	

	 In	neurons,	nAChRs	are	constituted	from	a	larger	population	of	subunits	with	

receptors	forming	either	hetero-	or	homomeric	pentamers.	In	the	case	of	

heteromeric	receptors	there	is	generally	an	αβ-based	pattern.	The	subunits	involved	



	

	

in	this	patterning	are	α2-α6	and	β2-β4	and	normally	have	a	stoichiometry	of	two	α	

and	three	β	subunits.	Functional	receptors	can	also	form	from	homomeric	

pentamers	involving	α7-α9	subunits,	or	alternatively,	α9	forms	heteromeric	

receptors	with	the	α10	subunit.	Similar	to	skeletal	muscle	nAChRs,	the	neuronal	

heteromeric	receptors	have	two	ACh	binding	sites	found	between	the	α	and	β	

subunits.	The	ACh	binding	sites	in	the	homomeric	receptors	are	found	at	the	

interface	of	each	of	the	α7	subunits	(Fig.	1B).	The	subunit	composition	of	nAChRs	

dictates	their	localization,	ligand	binding	affinities,	kinetics	and	permeability	(6,	8).	
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Figure	1.	Schematic	of	vertebrate	nAChR	subunit	conformations.	A.	nAChR	

subunit	structure	in	both	embryonic	and	adult	vertebrate	skeletal	muscles,	ACh	

binding	sites	shown	with	red	diamonds.	B.	nAChR	subunit	structure	in	vertebrate	

neurons,	ACh	binding	sites	shown	with	red	diamonds.	
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Given	that	nAChRs	regulate	both	movement	and	cognitive	processing,	their	

proper	expression,	localization,	and	function	are	critical	for	normal	behavior	and	

survival.		Furthermore,	nAChRs	have	also	been	implicated	in	the	pathology	of	

several	debilitating	neurological	diseases.	By	uncovering	the	molecular	pathways	

regulating	nAChRs	it	is	anticipated	that	novel	therapeutic	approaches	will	help	

patients	who	suffer	from	conditions	including	those	discussed	below.			

	

I.b		Role	of	nAChRs	in	disease	
	
Alzheimer’s	disease	is	a	progressive	neurological	disorder	characterized	by	

dementia	with	declines	in	memory,	attention,	and	orientation	(9).	This	disease	state	

is	associated	with	an	increase	in	the	abundance	of	misfolded	β-amyloid	leading	to	

the	formation	of	amyloid	plaques	and	hyperphosphorylation	of	tau	protein	that	

results	in	neurofibrilllary	tangles,	both	hallmarks	of	Alzheimer	pathology	(10).	

Studies	have	shown	that	in	the	brain,	β-amyloid	protein	binds	to	α-7	nAChRs	with	

high-affinity	and	the	colocalization	of	these	two	proteins	with	amyloid	plaques	has	

implicated	nAChRs	in	Alzheimer’s	pathology	(11).		Evidence	suggests	that	acute	

exposure	of	nAChRs	to	moderate	doses	of	β-amyloid	can	actually	lead	to	nAChR	

receptor	activation	and	downstream	neuroprotective	affects.	In	contrast,	exposure	

of	nAChRs	to	either	higher	concentrations	of	β-amyloid	or	exposure	for	long	periods	

of	time	causes	receptor	inactivation,	possibly	through	desensitization,	which	can	be	

detrimental	(12,	13).	Although	these	studies	imply	that	β-amyloid	interactions	with	

α7	nAChRs	play	roles	in	the	development	of	Alzheimer’s	disease,	the	opposing	



	

	 5	
		

	

effects	on	receptor	function	and	downstream	signaling,	relative	to	amyloid	levels	

makes	it	difficult	to	develop	obvious	therapeutic	strategies.			

Parkinson’s	is	a	considered	to	be	neurodegenerative,	movement	disease	that	

presents	with	loss	of	dopaminergic	neurons	and	damage	to	the	nigrostriatial	brain	

region	(6,	14).	In	addition,	a	decrease	in	levels	of	α7	nAChRs	has	been	demonstrated	

in	the	brains	of	Parkinson’s	patients,	which	may	contribute	to	the	cognitive	

impairments	seen	in	some	patients	(15).	Work	has	shown	that	α7	receptor	agonists	

reduce	the	nigrostriatal	damage	seen	in	various	animal	models	through	an	increase	

in	calcium	signaling,	which	suggests	a	possible	role	by	which	nAChR	activation	may	

slow	the	disease	progression.	Studies	have	also	demonstrated	that	treatment	with	

nicotine	can	help	reduce	instances	of	L-dopa	induced	dyskinesias	(LIDS),	which	are	

random,	involuntary	muscle	movements.	In	rodent	and	nonhuman	primate	studies,	

as	much	as	a	50-60%	reduction	in	LIDS	was	seen	when	Parkinson’s	animal	models	

when	treated	with	nAChR	agonists.	Thus,	α7	nAChRs	are	an	important	target	in	

slowing	Parkinson’s	disease	progression	and	managing	negative	side	effects	(14)			

nAChRs	have	also	been	shown	to	play	a	role	in	various	psychiatric	illnesses,	

including	schizophrenia.	In	both	in	vivo	and	post	mortem	imaging	studies	of	patients	

diagnosed	with	schizophrenia	a	significant	decrease	in	levels	of	nAChRs	in	the	brain	

was	reported	(9,	6,	16).	Evidence	further	indicates	that	mutations	affecting	the	

human	α7	gene	seen	in	some	schizophrenia	patients	cause	reduced	inhibition	of	the	

P50	evoked	response,	which	controls	auditory	sensory	gating	(9).	This	impairment	

is	thought	to	be	associated	with	auditory	hallucinations	in	a	subset	of	

schizophrenics.	The	application	of	nicotine	has	been	shown	to	attenuate	some	
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deficits	seen	with	this	disease	(17).		This	has	lead	to	speculation	that	schizophrenia	

patients	may	smoke	to	self-medicate.		

Based	on	the	body	of	research	demonstrating	a	strong	correlation	between	

the	regulation	of	nAChRs	and	crippling	neurological	disease	states,	a	complete	

understanding	of	the	mechanisms	involved	in	nAChR	receptor	modulation	and	

function	is	necessary	for	the	development	of	effective	treatments.	Further	study	of	

the	individual	components	involved	in	these	pathways	has	shed	considerable	light	

on	the	molecular	machinery	involved	at	the	neuromuscular	junction,	however	

nAChR	targeting	and	stabilization	in	the	CNS	is	less	well	understood.						

	

I.c		Clustering	mechanism	of	nAChRs	in	vertebrates	

Progress	in	the	identification	of	nAChR	clustering	mechanisms	has	advanced	

further	at	neuromuscular	junctions	(NMJ).	In	vertebrates	there	are	four	key	proteins	

that	are	required	for	nAChRs	to	be	properly	clustered	at	NMJs,	namely	agrin,	MuSK	

(Muscle-Specific	Kinase),	Lrp4	and	Dok7.		

Agrin	is	a	presynaptic	proteoglycan	that	is	secreted	from	motor	neurons.		It	

has	many	structural	domains	that	are	common	to	basal	lamina	proteins	and	has	

alternate	splice	sites	at	the	N-terminus	that	give	rise	to	two	isoforms	of	agrin,	one	

short	and	one	long.	The	short	agrin	isoform	is	an	integral	plasma	membrane	protein	

expressed	in	the	brain	where	as	the	long	isoform	is	secreted	from	motor	neurons	at	

NMJs.	In	agrin	mutant	mice	there	are	significant	synaptogenesis	defects	and	a	

reduction	of	nAChR	clusters	at	the	NMJ.	This	supports	roles	for	agrin	in	both	

synaptic	development	and	nAChR	localization	(18).	The	C-terminal	of	agrin	is	
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composed	of	three	laminin	G-like	modules,	which	have	been	shown	to	play	a	critical	

role	in	nAChR	clustering	(19).	Extracellular	calcium	is	also	necessary	for	the	

function	of	agrin.	In	rats	that	have	mutations	in	either	of	the	two	calcium	

coordinating	residues	found	in	the	third	laminin	G-like	domain,	agrin	is	no	longer	

able	to	cluster	nAChRs	at	the	NMJ	(20).	Studies	have	also	demonstrated	that	agrin	

can	trigger	upregulation	of	nAChR	gene	expression	at	the	NMJ.	Studies	performed	

on	cultured	myotubes	have	uncovered	the	molecular	events	leading	to	this	increase	

in	nAChR	transcription.	Specifically,	agrin	has	been	shown	to	act	synergistically	with	

neuron	secreted	neuroregulin-1	(NRG-1)	to	induce	clustering	of	NRG-1	receptor	

kinase	(ErbB2),	leading	to	the	activation	of	ets	transcription	factors	that	enhance	

nAChR	transcription	(21).		Additionally	secreted	agrin	and	neuregulin	converge	in	a	

separate	pathway	to	induce	nAChR	clustering	though	the	activation	of	the	tyrosine	

kinase	receptor	MuSK	(Fig.2).			

Mice	lacking	MuSK	exhibit	a	significant	disruption	of	their	postsynaptic	

development,	leading	to	a	complete	abolishment	of	nAChR	clustering	(22).	MuSK	

contains	an	extracellular	ligand	binding	domain,	a	transmembrane	domain,	and	an	

intracellular	kinase	domain.	Once	activated	by	agrin,	MuSK	autophosphorylation	

signals	via	a	positive	feedback	loop,	causing	increased	clustering	of	MuSK	at	the	

neuromuscular	junction	(20).	MuSK	contains	a	Frizzled-like	CRD	(cysteine-rich	

domain)	in	its	extracellular	domain.	Although	this	CRD	is	not	necessary	for	agrin-

mediated	nAChR	clustering,	research	has	shown	that	it	is	through	this	domain	that	

MuSK	interacts	with	WNT	signaling	proteins	to	cluster	nAChRs.		Mice	with	the	CRD	

region	deleted	show	defects	in	neuromuscular	junction	patterning.	This	results	in	
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significant	decreases	in	nAChR	clusters	and	overgrowth	of	motor	axons	(23).	

Though	it	is	widely	accepted	that	agrin	is	an	activating	ligand	of	MuSK,	it	has	been	

shown	that	the	two	do	not	interact	directly.	The	interaction	between	Agrin	and	

MuSK	takes	place	through	a	myotube-associated	specificity	component	(MASC),	

which	has	been	identified	as	LRP4	(24,	25,	26)	(Fig.2).		

LRP4	belongs	to	the	LDLR	family	of	transmembrane	proteins.	It	has	an	

intracellular	C-terminal	domain	and	an	extracellular	domain	with	eight	LDLa	

repeats.	In	LRP4	null	mice	nAChRs	are	no	longer	clustered	at	the	neuromuscular	

junction	(27).	LRP4	binds	directly	to	agrin	in	a	2:2	stoichiometry,	this	dimerization	

causing	the	activation	of	MuSK	and	nAChR	clustering	(20),	thus	LRP4	is	the	agrin	

receptor.		The	direct	constitutive	interaction	between	LRP4	and	MuSK	is	

strengthened	in	the	presence	of	agrin	(28)	(Fig.2).		

Another	essential	component	of	the	nAChR	clustering	machinery	is	the	

cytoplasmic	adaptor	protein	Dok7	(downstream	of	kinase	or	docking	protein	7),	

which	can	activate	MuSK	in	the	absence	of	agrin.	Like	MuSk	mutants,	Dok7	mutant	

mice	lack	all	nAChR	clustering	(29,	30)	and	Dok7	mutations	have	been	found	to	

underlie	a	human	congenital	mysathenic	condition	characterized	by	a	“limb	girdle”	

pattern	of	muscle	weakness	(31).	Dok7	is	also	phosphorylated	by	MuSK	and	this	

phosphorylation	causes	the	recruitment	of	two	noncatalytic	adapter	proteins	Crk	

and	Crk-L	These	proteins	seem	to	play	a	redundant	role	in	NMJ	differentiation,	mice	

deficient	in	both	Crk	and	Crk-L	show	mistargeting	of	motor	axons,	a	reduction	in	

synapse	number,	and	a	decrease	in	nAChR	clusters.	This	suggests	that	Dok7	works	
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both	as	an	activator	and	substrate	of	MuSK	to	help	pattern	the	neuromuscular	

junction	(32)	(Fig.2).			

Tid1,	a	member	of	the	heat	shock	protein	40	family,	is	then	necessary	for	

MuSK-Dok7	downstream	signaling	(33).	This	protein	regulates	Rac	and	Rho	

GTPases	that	play	a	role	in	the	tyrosine	phosphorylation	necessary	for	the	β	nAChR	

subunit	to	interact	with	the	synaptic	anchoring	protein	rapsyn	(20)	(Fig.2).		

Rapsyn	is	a	peripheral,	cytoplasmic,	non-integral	membrane	protein	that	

colocalizes	with	both	synaptic	and	cytosolic	nAChRs	in	vivo,	and	mutant	mice	lacking	

rapsyn	have	no	nAChR	clusters	(34,	35,	36).		Single-receptor	tracking	has	shown	

that	when	rapsyn	is	present	at	the	synapse	nAChRs	are	more	stable,	as	the	number	

of	mobile	receptors	decreases	(37).		There	is	also	evidence	that	nAChRs	facilitate	the	

transport	of	rapsyn	to	the	synapse;	in	the	absence	of	nAChRs	rapsyn	clusters	remain	

in	the	Golgi	complex	(38)	(Fig.2).			
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Figure	2.	Schematic	of	nAChR	clustering	in	vertebrates.	Modified	from	Burden	

Lab	Website	(http://www.med.nyu.edu/skirball-

lab/burdenlab/research/synapse.html)	
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The	extent	to	which	agrin,	MuSK,	and	LRP4	are	involved	in	nAChR	

localization	in	the	CNS	is	less	well	understood.	In	part	because	nAChRs	are	

predominantly	presynaptic	in	the	CNS,	are	less	abundant,	have	a	diverse	

composition	and	are	often	activated	through	paracrine	signaling.	Adding	to	this	

complexity	is	the	fact	that	vertebrate	agrin	null	mutants	are	embryonic	lethal.	

Despite	these	drawbacks,	several	studies	do	suggest	that	the	agrin/MuSK,	LRP4	

machinery	may	function	in	the	CNS.		Specifically,	the	long	isoform	of	agrin	isolated	

from	avian	brain	was	shown	to	be	able	to	cluster	nAChRs	in	myotube	cultures	(39).		

The	synaptogenesis	role	of	agrin	may	also	be	conserved	in	the	CNS,	as	neuronal	

cultures	derived	from	agrin-deficient	mice	exhibit	reduced	synapse	formation	

between	cultured	spinal	cord	and	sympathetic	ganglion	neurons	(40).		Similarly,	in	

viable	mosaic	mice	expressing	agrin	only	in	motor	neurons,	a	30%	reduction	was	

observed	in	the	number	of	cortical	pyramidal	neuron	excitatory	synapses	(40,	41).		

These	data	suggest	that	the	long,	brain	specific	agrin	isoform	may	have	similar	roles	

in	synapse	formation/maintenance	and	nAChR	clustering	in	the	brain	and	NMJ.		

Both	MuSK	and	LRP4	are	also	expressed	in	the	vertebrate	brain	and	have	

been	implicated	in	memory	consolidation	(41,	42,	43).	Furthermore,	in	brain	slices	

inhibition	of	MuSK	disrupts	cholinergic	activity	in	the	hippocampus	(44).	Although	

this	supports	a	role	for	MuSK	and	LRP4	in	brain	function,	evidence	of	LRP/MuSK	

activation	by	agrin	at	central	synapses	has	yet	to	be	established	(45).		

In	summary,	while	the	regulation	of	nAChRs	at	the	vertebrate	NMJ	has	been	

well	documented,	there	remains	a	paucity	of	information	regarding	the	localization	

and	function	of	the	diverse	population	of	CNS	nAChR	subtypes.		However,	in	the	last	
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decade,	genetic	screens	looking	for	defects	in	nAChR	function	in	the	soil	nematode	

Caenorhabditis	elegans	(C.	elegans)	have	identified	components	of	a	completely	

novel	nAChR	clustering	mechanism.	Furthermore,	these	elements	are	highly	

conserved,	although	many	of	the	vertebrate	homologs	that	are	enriched	in	the	CNS	

have	yet	to	be	characterized.	

	

I.d	Caenorhabditis	elegans	as	a	model	system	

Like	vertebrates,	C.	elegans	NMJs	are	cholinergic;	therefore	mutants	that	are	

defective	in	ACh	signaling	can	be	readily	identified	in	screens	on	the	basis	of	

movement	defects,	pharmacological	assays,	or	by	receptor	mislocalization.		Despite	

the	importance	of	nAChRs	for	locomotion,	another	advantage	is	that	mutants	lacking	

NAChRs	receptors	remain	viable	under	laboratory	conditions.	The	fact	that	C.	

elegans	is	self-fertilizing	and	can	produce	a	brood	of	~300	offspring	that	reach	

adulthood	in	a	short	3	day	life	cycle,	facilitates	the	performance	of	large	scale	

forward	and	reverse	genetic	screens	(46).	Additionally,	the	entire	genome	has	been	

sequenced	providing	annotated	information	for	many	C.	elegans	genes	(47).		There	

are	302	neurons	in	C.	elegans,	each	of	which	is	identifiable	based	on	known	cell	

lineage,	morphology,	and	position	(48).	Importantly,	many	proteins,	including	those	

that	make	up	NAChRs	expressed	at	the	worm	NMJ	are	homologous	to	those	in	the	

vertebrate	nervous	system.	These	NAChRs	also	have	similar	subunit	structure	to	

those	found	in	vertebrates.		In	the	worm,	there	are	currently	twenty-seven	known	

NAChR	subunits,	which	are	classified	and	divided	into	five	groups	based	on	

homology.	Each	group	is	named	after	the	first	unique	subunit	that	was	discovered	
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i.e.	DEG-3,	ACR-16,	UNC-38,	ACR-8,	and	UNC-29	(49).	The	assembly	of	subunits	from	

the	latter	four	groups	account	for	the	two	functional	receptors	at	the	C.	elegans	NMJ	

(50).	

	

I.e	nAChRs	structure	and	function	in	C.	elegans	

	 The	two	classes	of	C.	elegans	NMJ	nAChRs	differ	not	only	in	their	subunit	

composition	but	also	pharmacology.	Components	of	the	first	and	best-characterized	

NAChR	receptor	was	identified	in	screens	looking	for	mutants	resistant	to	the	worm	

nematocide	levamisole,	and	so	named	the	Levamsiole-sensitive	nAChR	(LAChR).	

This	penatmeric	receptor	is	made	up	of	three	α-subunits	(UNC-38,	UNC-63,	and	

LEV-8)	and	two	non-α	subunits	(UNC-29	and	LEV-1).	Three	of	these	subunits	are	

essential	for	receptor	function:	UNC-29,	UNC-63,	and	UNC-38.		Null	mutants	of	any	

of	these	subunits	exhibit	strong	levamisole-resistance.		Null	mutations	in	LEV-1	and	

LEV-8	cause	a	weaker	resistance	to	levamisole,	making	these	subunits	non-essential	

(51,	52,	50,	53,	54)	(Fig.3).		The	LAChR	receptor	can	be	reconstituted	by	combining	

all	five	subunits	in	Xenopus	laevis	oocytes	along	with	several	C.	elegans	trafficking	

and	assembly	genes	(UNC-50,	RIC-3	and	UNC-74).	When	all	eight	genes	are	

expressed	the	subunits	form	functional	receptors	on	the	oocyte	plasma	membrane	

that	produce	currents	with	similar	pharmacology	to	endogenously	expressed	

LAChRs	at	the	NMJ.	Work	has	also	shown	that	this	receptor	contributes	to	the	slowly	

desensitizing	component	of	the	NMJ	evoked	postsynaptic	current	(50,	55).	

ACR-16	was	subsequently	identified	as	an	essential	subunit	of	the	second	C.	

elegans	NMJ	nAChR	(56,	57).	This	subunit	is	homologous	to	human	α7.	In	
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vertebrates	α7	nAChRs	form	homopentamers	(6).	Similarly,	expression	of	ACR-16	in	

Xenopus	laevis	oocytes	is	able	to	form	functional	nAChRs	(58,	55).	Unlike	the	LAChR,	

the	ACR-16	receptors	are	activated	by	nicotine	and	are	therefore,	referred	to	as	the	

NAChRs	at	C.	elegans	NMJ	(Fig.3).	This	receptor	has	been	shown	to	contribute	to	the	

large	quickly	desensitizing	component	of	the	NMJ	postsynaptic	current,	

demonstrating	unique	kinetics	between	NAChRs	and	LAChRs	(50,56,	57,	55).	

Surprisingly,	although	the	NAChR	at	the	C.	elegans	NMJ	accounts	for	~80%	of	the	

evoked	cholinergic	postsynaptic	current	amplitude,	acr-16	null	mutants	have	no	

obvious	locomotory	phenotype.		However,	when	crossed	into	a	LAChR	mutant	

background	(unc-63)	there	is	substantial	worsening	of	the	unc-63	mutant	

uncoordinated	phenotype,	indicating	that	both	receptors	function	in	locomotion.		

Consequently,	in	worm	strains	that	are	null	for	both	unc-63	and	acr-16,	the	

cholinergic	postsynaptic	current	is	completely	abolished,	suggesting	these	are	the	

only	ionotropic	AChRs	at	the	NMJ	(56)	(Fig.4).		The	homology	between	C.	elegans	

NAChRs	and	the	α7	receptors	in	vertebrate	brain	suggest	that	screens	for	NAChR	

disregulation	in	worms	may	uncover	conserved	machinery.	

	
	
	
	
	
	
	
	
	
	
	
	
	



	

	 15	
	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	3.	Schematic	of	the	two	classes	of	NAChRs	found	at	the	NMJ	of	C.	elegans	
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Figure	4.	The	NAChR	and	LAChR	make	up	the	total	cholinergic	current	at	the	C.	

elegans	NMJ.	A.	Postsynaptic	responses	to	pressure-ejected	exogenous	ACh	

demonstrated	a	significant	decrease	in	current	amplitude	in	NAChR	mutants	acr-

16(ok789)	and	a	complete	abolishment	of	cholinergic	current	in	the	NAChR	and	

LAChR	double	mutants.	100ms	bar.	B.	In	a	NAChR	acr-16(ok789)	mutant	the	slowly	

desensitizing	portion	of	the	current	remains.	In	a	LAChR	unc-63(x37)	mutant	the	

quickly	desensitizing	portion	of	the	current	remains,	suggesting	that	the	two	

receptor	classes	have	differing	kinetics.	1000ms	bar.	Figure	adapted	from	(56).	
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I.f	ACh	receptor	assembly,	trafficking,	and	membrane	targeting	in	

C.elegans		

Due	to	the	ease	of	screening	for	locomotory	defects	and	levamisole-

resistance,	forward	genetic	screens	for	mutants	affecting	LAChRs	has	been	very	

successful	in	identifying	relevant	genes	as	briefly	summarized	below.	

Mutants	in	ric-3	were	first	identified	in	pharmacological	screens	(resistance	

to	inhibitors	of	cholinesterase	hence	RIC	mutants)	for	mutants	defective	in	

cholinergic	transmission	(59,	60).	RIC-3	is	a	protein	necessary	for	both	NAChR	and	

LAChR	function.	Its	structure	predicts	two	transmembrane	domains	and	three	

coiled-coiled	regions,	suggesting	that	it	is	an	integral	membrane	protein	thought	to	

be	located	at	the	endoplasmic	reticulum.	RIC-3	is	expressed	in	pharyngeal	and	body	

wall	muscles	as	well	as	many	neurons.	Electrophysiological	recordings	revealed	that	

ric-3	null	mutants	fail	to	respond	to	pressure-ejected	ACh	onto	body	wall	muscles,	

which	suggests	that	the	receptors	are	affected.	When	either	levamisole,	to	activate	

the	LAChRs,	or	nicotine,	to	specifically	activate	the	NAChRs,	was	pressure-ejected	

the	postsynaptic	response	amplitudes	were	also	abolished,	again	suggesting	that	in	

ric-3	mutants	both	ACh	receptors	types	were	affected	at	the	NMJs	(Fig.5).	In	

contrast,	responses	to	pressure-ejected	GABA	in	the	ric-3	mutant	were	not	

significantly	changed	at	the	NMJ,	suggesting	that	RIC-3	is	not	necessary	for	the	

localization	of	worm	GABA	receptors	encoded	by	the	unc-49	gene	(61,	62).		These	

findings	are	consistent	with	the	requirement	for	RIC-3	in	expressing	functional	

receptors	in	Xenopus	oocytes,	along	with	two	other	proteins:	UNC-50	and	UNC-74	

(55).		 	
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unc-50	mutants	were	isolated	in	screens	for	uncoordinated	phenotypes	as	

well	as	levamsiole-resistance	(51).		UNC-50	contains	five	transmembrane	domains	

and	its	structure	and	sequence	is	highly	conserved	across	many	organisms.	UNC-50	

localizes	to	the	Golgi	system	and	may	play	a	role	in	COPI-dependent	transport,	

specifically	Arf	activated	mobilization	of	the	COPI	coat	protein,	which	has	been	

found	to	be	necessary	for	both	anterograde	and	retrograde	trafficking	between	the	

endoplasmic	reticulum	and	Golgi	(63,	64,	65).		In	unc-50	mutants	the	levamisole	

receptor	is	no	longer	localized	to	the	neuromuscular	junction	based	on	antibody	

staining	against	the	LAChR	subunit	UNC-29.	There	is	also	no	response	to	pressure-

ejected	levamisole	in	unc-50	mutants,	whereas	wild-type	amplitudes	in	response	to	

pressure-ejected	nicotine	and	GABA	are	normal,	suggesting	that	UNC-50	specifically	

regulates	LAChRs.	It	has	subsequently	been	reported	that	UNC-50	is	required	to	

traffic	LAChRs,	post-assembly	from	the	Golgi	to	the	muscle	membrane	(65)	(Fig.5).			

unc-74	was	also	isolated	by	Lewis	et	al.,	in	1980	as	a	levamisole-resistant	

mutant.		The	UNC-74	protein	is	predicted	to	encode	a	thioredoxin	protein	similar	to	

the	human	TMX3	protein	and	is	thought	to	localize	at	the	endoplasmic	reticulum	

(66,	55).	The	LAChR	reconstitution	experiments	in	Xenopus	oocytes	helped	to	

establish	the	role	of	UNC-74	as	necessary	for	LAChR	membrane	expression.	

Expression	of	the	five	LAChR	subunits	along	with	RIC-3,	UNC-50,	and	UNC-74	

produced	functional	receptors	with	robust	responses	to	pressure-ejected	ACh	and	

levamisole.	However	when	the	UNC-74	subunit	was	removed	from	the	injection	

there	was	a	10%	decrease	in	response	amplitudes,	suggesting	that	UNC-74	is	a	

necessary	protein	for	proper	expression	and	function	of	the	LAChR.	As	was	seen	
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with	UNC-50,	oocyte	expression	of	NAChRs	was	unaffected	in	unc-74	mutants,	again	

suggesting	that	UNC-74	is	a	specific	regulator	of	LAChRs	(55)	(Fig.5).		
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Figure	5.	Schematic	of	the	assembly	and	trafficking	proteins	RIC-3,	UNC-50,	
and	UNC-74	acting	on	the	LAChR	at	the	C.	elegans	NMJ.	Adapted	from	(67).	
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A	different	cohort	of	proteins	has	been	reported	to	specifically	regulate	C.	

elegans	NAChRs.	The	first	protein	in	this	category	is	the	Ror	receptor	tyrosine	kinase	

CAM-1,	which	shares	strong	sequence	identity	with	the	vertebrate	receptor	kinase	

MuSK,	implicated	in	the	clustering	mechanism	of	vertebrate	nAChRs.	CAM-1	is	

specifically	expressed	at	the	distal	tips	of	C.	elegans	body	wall	muscle	arms,	as	well	

as	the	cell	membrane	of	cholinergic	motor	neurons.		In	cam-1	mutants	the	

expression	of	a	GFP-tagged	ACR-16	clusters	accumulates	in	the	muscle	arms	distal	

to	the	NMJs,	while	expression	of	LAChRs	and	GABA	receptors	seem	to	be	unchanged	

in	this	mutant	background.	This	mislocalization	is	also	reflected	

electrophysiologically,	as	cam-1	mutants	have	significantly	reduced	responses	to	

pressure-ejected	ACh	as	well	as	to	nicotine.	Responses	to	pressure-ejected	

levamisole	and	GABA	were	unaffected,	suggesting	that	CAM-1	is	acting	specifically	

on	ACR-16	receptors.		Structure-function	analysis	of	CAM-1	determined	that	the	

extracellular	and	transmembrane	domains	were	necessary	for	this	function,	arguing	

that	proper	membrane	localization	of	CAM-1	is	needed	for	CAM-1	function	(57)	

(Fig.6).	

	 CAM-1	possesses	a	cysteine	rich	region	that	is	predicted	to	bind	a	class	of	

glycoproteins	called	Wnts.	In	mammals	Wnts	have	been	shown	to	work	with	MuSK	

to	stabilize	and	cluster	AChRs	through	a	well	defined	molecular	pathway	involving	

Wnt	binding	to	the	Frizzled	receptor	(Fzd),	which	acts	through	the	intracellular	

signaling	molecule	termed	dishevelled	(Dvl).	Thus,	Jensen	et	al,	undertook	a	

candidate	gene	approach	to	examine	whether	this	pathway	was	conserved	in	C.	

elegans,	evaluating	the	corresponding	mutants	lin-17	(Fzd),	cwn-2	(Wnt),	and	dsh-1	
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(Dvl).		In	all	three	mutant	backgrounds	ACR-16::GFP	clusters	were	mislocalized,	

similar	to	the	phenotype	seen	in	cam-1	mutants.	There	was	also	a	decrease	in	the	

number	of	surface	expressed	receptors,	as	measured	with	fluorescently	labeled	

alpha-bungarotoxin	injected	into	the	pseudocoelomic	space	and	a	corresponding	

reduction	in	electrophysiological	responses	to	pressure-ejected	ACh	and	nicotine	

(Fig.	6)	(68).		
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Figure	6.	Schematic	of	the	CAM-1	and	the	WNT-signaling	protein	pathway.	

These	proteins	play	a	role	in	targeting	ACR-16	receptors	to	the	surface	of	the	body	

wall	muscle	at	the	NMJ.		Adapted	from	(68).	

	

	

	

	

	

	

	

	



	

	 24	
	

	

Given	C.	elegans	NMJs	have	discrete	GABA	and	ACh	synapses	it	is	critical	that	

GABA	and	ACh	receptors	are	targeted	to	the	appropriate	subcellular	domains	

corresponding	to	ACh	and	GABA	release	sites.	Recent	evidence	suggests	that	C.	

elegans	MADD-4	serves	this	role.	Three	isoforms	of	MADD-4	are	present	in	the	

worm,	two	long	isoforms,	MADD-4A	and	MADD-4C,	and	one	short	isoform,	MADD-

4B.	MADD-4	is	orthologous	to	mammalian	punctin-1/ADAMTS-like1	and	punctin-

2/ADAMTS-	like2.		In	madd-4	mutants	LAChR,	NAChR,	and	GABA	receptor	clusters	

are	all	mislocalized.	The	fact	that	the	receptors	remain	clustered,	although	

mislocalized,	suggests	that	MADD-4	is	necessary	for	recruitment	of	receptors	to	

their	cognate	postsynaptic	sites.		Further	analysis	demonstrated	that	the	long	

MADD-4A/MADD-4C	isoforms	were	localized	to	cholinergic	terminals	only,	but	the	

short	MADD-4B	isoform	was	present	at	both	cholinergic	and	GABAergic	terminals	

(Fig.	7A).	Further	work	determined	that	the	long	MADD-4	isoforms	specifically	

localize	LAChRs	and	NAChRs	while	the	presence	of	the	short	MADD-4	isoform	

excludes	GABA	receptor	clusters	from	cholinergic	NMJs	while	promoting	GABA	

receptor	clustering	at	GABA	NMJs	(Fig.	7B)	(69).	Thus	MADD-4	is	a	master	organizer	

of	receptor	clusters,	but	is	not	required	to	establish	or	maintain	clusters.		How	then	

are	receptor	subtypes	clustered	together?	
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Figure	7.	MADD-4	is	a	master	organizer	of	both	excitatory	and	inhibitory	

receptors	at	the	C.	elegans	NMJ.		A.	Immunostaining	demonstrating	that	both	the	

MADD-4L	(long)	isoform	and	the	MADD-4B	(short)	isoform	colocalize	with	the	

cholinergic	synaptic	marker	VAChT,	but	only	the	short	MADD-4B	isoform	colocalizes	

with	the	GABA	specific	promoter	driven	synaptic	marker	SNB-1.			B.	In	mutants	of	

the	MADD-4	short	isoform	the	GABA	receptor	clusters	are	now	present	at	the	

cholinergic	synapses,	however	GABA	clusters	were	properly	located	in	the	MADD-

4L	isoform	mutants,	demonstrating	a	role	for	the	short	isoform	in	GABA	receptor	

patterning.		When	MADD-4A	(the	long	isoform)	was	expressed	at	GABAergic	

synapses	there	was	an	increase	in	LAChR	present	and	colocalized	with	the	GABA	

receptors,	suggesting	that	the	long	isoform	can	cluster	both	receptor	types.	Adapted	

from	(69).	
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I.g	LAChR	clustering	in	C.	elegans	

Screens	for	mutants	that	have	a	mild	resistance	to	levamisole	have	been	very	

powerful	in	identifying	LAChR	clustering	machinery.		The	first	component	

discovered	was	LEV-10,	which	contains	five	predicted	CUB	domains	and	one	

predicted	LDLa	domain	in	its	extracellular	region.	These	domains	show	the	highest	

similarity	to	mouse	NETO2	and	its	paralog	NETO1.	The	NETO	proteins	in	

mammalian	systems	have	subsequently	been	shown	to	stabilize	NMDA	and	kainate	

receptors	(70).	In	lev-10	mutant	worms	immunostaining	of	the	LAChRs	was	greatly	

reduced	while	NAChR	and	GABA	receptor	localization	were	unchanged.	Western	

blots	established	that	the	LAChR	plasma	membrane	level	was	unchanged	in	lev-10,	

suggesting	that	in	this	mutant	background	the	LAChRs	are	dispersed.	This	was	

confirmed	by	electrophysiology.	In	lev-10	mutants,	although	the	evoked	amplitude	

of	the	synaptic	current	was	significantly	decreased	the	amplitude	in	response	to	

pressure-ejected	levamisole	was	unchanged,	again	indicating	that	the	LAChR	

receptors	are	present	and	functional	but	simply	dispersed.	Based	on	these	results	it	

was	concluded	that	LEV-10	is	part	of	the	LAChR	clustering	machinery	(71).				

The	second	component	of	the	LAChR	clustering	machinery	is	LEV-9,	mutants	

of	lev-9	exhibiting	mild	resistance	to	levamisole.	LEV-9	encodes	a	muscle-secreted	

protein	that	contains	eight	CCP,	or	sushi	domain,	modules	and	a	whey	acidic	protein	

(WAP)	domain.	The	WAP	domain,	previously	implicated	in	cell	adhesion	and	

migration,	is	not	necessary	for	LEV-9	function.	However	the	string	of	CCP	domains	

may	play	a	role	in	protein-protein	interactions.	LEV-9	colocalized	with	LAChR	

clusters	and,	similar	to	lev-10	mutants,	in	lev-9	mutants	LAChR	antibody	staining	
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was	no	longer	visible	at	the	NMJ,	but	again	NAChR	and	GABA	receptors	were	

unaffected	(Fig.	8A).	Both	the	overall	amount	of	LAChR	protein	and	the	

electrophysiological	phenotypes	were	similar	to	those	seen	in	lev-10	mutants,	

suggesting	that	lev-10	and	lev-9	work	in	the	same	pathway.	This	was	verified	by	

demonstrating	a	physical	interaction	between	LEV-9	and	LEV-10,	and	observing	

colocalization	of	the	two	proteins.	From	this	study	it	was	proposed	that	LEV-10	

interacts	directly	with	LEV-9	to	form	an	extracellular	scaffold	required	to	cluster	

LAChRs	at	the	NMJ	(72).	

The	final	component	of	this	LAChR	clustering	complex,	OIG-4,	was	also	

isolated	in	a	screen	for	mutants	with	mild	resistance	to	levamisole.	The	C.	elegans	

oig-4	gene	is	predicted	to	encode	a	protein	with	a	single	immunoglobulin	domain.	

OIG-4	is	expressed	in	body	wall	muscles	and	immunostaining	showed	discrete	

expression	along	the	nerve	cords	where	it	colocalized	with	LAChRs.	OIG-4::GFP	was	

also	seen	in	coelomocytes,	suggesting	that	this	protein	is	secreted.		Although	oig-4	

mutants	specifically	affect	LAChRs	clustering	at	NMJs	(Fig.	8B),	the	level	of	LAChR	

declustering	in	oig-4	mutants	was	not	as	severe	as	in	lev-9	and	lev-10	mutants.	Thus	

although	the	amplitude	of	the	LAChR	evoked	synaptic	current	was	not	lower,	the	

response	had	slower	kinetics,	consistent	with	local	LAChR	dispersal.		As	expected,	in	

oig-4	mutants	LEV-9	and	LEV-10	were	no	longer	synaptically	localized.	Co-

immunoprecipitation	studies	confirmed	that	OIG-4	and	LEV-10	interact	only	in	the	

presence	of	LAChRs	and	in	oig-4	mutants	LEV-10	no	longer	interacts	with	LAChRs.	

Based	on	these	results	it	was	proposed	that	OIG-4	functions	in	a	physical	complex	

with	LEV-9	and	LEV-10	to	cluster	LAChRs	at	the	NMJ	(73).					
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Figure	8.	Components	of	the	LAChR	clustering	mechanism	act	

specifically	on	the	LAChRs	at	the	NMJ.	A.	Immunostaining	shows	that	lev-9	

mutants	specifically	affect	localization	of	the	LAChRs	at	the	NMJ	while	both	the	

NAChRs	and	GABA	receptors	are	unaffected.	Also	staining	of	a	cholinergic	specific	

synaptic	marker	is	unchanged	suggesting	this	reduction	in	LAChRs	is	not	due	to	a	

synaptogenesis	defect.		Adapted	from	(72).	B.	Immunostaining	demonstrates	that	

oig-4	mutants	specifically	affect	the	localization	of	the	LAChRs,	while	the	NAChRs	

and	GABA	receptors	remain	unchanged.	Again	immunostaining	of	the	cholinergic	

synaptic	marker	VAChT	is	unchanged	in	the	oig-4	mutant,	which	implies	these	

changes	in	LAChR	localization	are	not	due	to	a	defect	in	synaptogenesis.	Adapted	

from	(73).	
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Figure	9.	Schematic	of	the	LAChR	clustering	complex	in	C.	elegans	
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Although	this	body	of	work	has	uncovered	a	novel	C.	elegans	LAChR	

clustering	complex	(Fig.	9),	with	the	tantalizing	presence	of	multiple	conserved	

homologs	in	the	Allen	Brain	Atlas	linked	to	several	neurological	phenotypes	in	

humans,	surprisingly	to	date	no	mutants	have	been	uncovered	that	disrupt	C.	

elegans	NAChR	receptor	clustering.	Given	the	homology	of	these	ACR-16	homomeric	

receptors	to	α7	nAChRs	in	the	human	brain,	the	goal	of	this	thesis	was	to	use	the	

strengths	of	C.	elegans	genetics	and	the	accessibility	of	the	worm	NMJ	for	imaging	

and	recording	of	these	receptors,	to	uncover	novel	components	of	ACR-16	

regulation.		
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II.	Screen	to	identify	NAChR	regulators	and	characterization	of	candidates	

	

II.a	Introduction	

	 Vertebrate	α7	nAChRs,	expressed	in	the	CNS,	have	been	implicated	in	a	

number	of	neurological	diseases	such	as	Alzheimer’s,	Parkinson’s,	and	

schizophrenia,	where	a	hallmark	in	each	is	the	declustering	or	misregulation	of	the	

receptors	(4).	Therefore,	determining	factors	that	play	a	role	in	regulating	nAChRs	is	

critical	for	learning	more	about	and	combating	these	afflictions.		

The	model	system	C.	elegans	presents	a	platform	in	which	to	study	this	

regulation	as	it	expresses	the	NAChR	forming	subunit	ACR-16,	a	homologue	to	the	

vertebrate	α7	nAChRs	at	NMJs	(56,	57).	C.	elegans	also	have	a	vast	genetic	toolbox,	

allowing	for	the	easy	manipulation	of	many	genes	through	screens	and	the	ability	to	

quickly	determine	the	effects	and	locations	of	these	gene	perturbations.	Previous	

studies	by	Gally	(71),	Gendrel	(72),	and	Rapti	(73)	in	C.	elegans	have	elucidated	the	

clustering	mechanism	of	the	second	class	of	cholinergic	receptors	found	at	the	NMJ,	

the	LAChRs.	However,	this	clustering	mechanism	is	specific	to	LAChRs,	NAChRs	

remaining	unaffected	in	mutants	of	lev-10,	lev-9	and	oig-4	that	encode	the	LAChR	

clustering	complex.	Thus	an	unknown	mechanism	must	exist	to	cluster	ACR-16	

receptors.	 

In	order	to	determine	what	genes	are	involved	in	the	regulation	of	the	ACR-

16	receptor,	a	forward	genetic	screen	was	performed	using	a	single	copy	insertion	

of	ACR-16::GFP.	This	allowed	for	even	subtle	changes	in	ACR-16	expression	to	be	
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found.	Once	mutants	were	identified	from	the	screen	their	effect	on	ACR-16	

receptor	function	was	determined.	Whole	genome	sequencing	was	then	performed	

to	identify	potential	mutant	loci	and	complementation	tests	were	performed	on	

mutants	isolated	from	the	screen	using	reference	alleles.		From	this	screen	three	

new	regulators	of	the	ACR-16	receptor	were	identified.		

	 	

II.b	Materials	and	Methods	

Strains	and	Culturing	Conditions:	The	genotypes	of	nematode	strains	used	

in	this	study	are:	the	wild-type	Bristol	isolate	N2,	acr-16(ok789),	unc-63(x37),	unc-

63(x37);acr-16(ok789),	jaSi4[Pmyo-3::ACR-16::GFP]	SY1407,	jaSi4;acr-16(ok789)	

SY1422,	unc-63(x37);	jaSi4;acr-16(ok789)	SY1423,	jaSi4;acr-16(ok789);EMS19	(6x)	

SY,	unc-63(x37);	jaSi4;acr-16(ok789);EMS19	(4x)	SY,	jaSi4;acr-16(ok789);EMS27	SY,	

unc-63(x37);jaSi4;acr-16(ok789);EMS27	SY,	jaSi4;acr-16(ok789);EMS28	SY,	unc-

63(x37);jaSi4;acr-169ok789);EMS28	SY,	jaSi4;acr-16(ok789);UNC-29::RFP	(kr208)	

SY1568,	jaSi4;acr-16(ok789);EMS19;UNC-29::RFP(kr208)	SY1569,	jaSi4;acr-

16;EMS28;UNC-29::RFP(kr208)	SY1570,	nrx-1(ok149),	jaSi4;acr-16(ok789);nrx-

1(ok1649);	SY	1598,	nlg-(ok259),	jaSi4;acr-16(ok789);nlg-1(ok259)	SY1596,	sca-

1(tm5339),	jaSi4;sca-1(tm5339);acr-16(ok789)	SY1615,	ced-7(n1996),	jaSi4;ced-

7(n1996);acr-16	SY1594,	vab-1(ok1699),	vab-1(e2027),	vab-1(ju8),	jaSi4;vab-

1(ok1699);acr-16(ok789)	SY1597,	f59d12.1(gk1000),	jaSi4;acr-

16(ok789);f59d12.1(gk1000)	SY1620.	Animals	were	grown	at	15-20˚	C	on	OP50-

seeded	NGM	plates.	
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Forward	Genetic	Screen:	Ethane	methyl	sulfonate	(EMS)	was	used	at	a	

concentration	of	50mM	to	mutagenize	L4	staged	unc-63(x37);jaSi4;acr-16(ok789)	

animals.	The	worms	were	kept	in	the	EMS	solution	for	four	hours.	Following	the	

four	hour	EMS	treatment,	worms	were	washed	in	M9	buffer,	placed	on	a	large	2x	

NGM	plate	and	allowed	to	recover	for	one	hour.	Eight	mutagenized	animals	were	

picked	to	three	large	2xNGM	plates,	for	a	total	of	24	animals.	These	24	animals	

served	as	the	P0	generation	and	were	allowed	to	propagate	for	three	days.		From	

this	P0	generation,	three	F1s	were	picked	to	60	separate	plates	and	allowed	to	

propagate	for	three	days.	After	three	days,	approximately	30	F2	worms	from	each	

plate	were	mounted	on	2%	agarose	pads	and	immobilized	with	1mM	sodium	azide	

(Sigma,	St.	Louis,	Missouri,	United,	States)	and	localization	of	ACR-16::GFP	was	

examined.	Animals	showing	a	reduction	in	levels	of	ACR-16::GFP	fluorescence	levels	

were	rescued	off	the	pad	and	placed	onto	an	NGM	plate	and	allowed	to	propagate,	

creating	independent	lines.		

	

	 	 Microscopy:	Fluorescence	images	were	obtained	using	an	Olympus	

FluoviewTM		FV10i	laser-scanning	confocal	microscope	with	a	60x	objective	(oil-

immersion)	or	a	FluoviewTM		laser-scanning	confocal	microscope	with	a	40x	

objective	(oil-immersion).		Worms	were	mounted	on	2%	agarose	pads	and	

immobilized	with	20mM	sodium	azide	(Sigma,	St.	Louis,	Missouri,	United,	States)	in	

M9.	For	analysis	of	ACR-16::GFP	and	UNC-29::RFP	expression,	maximum	intensity	

Z-series	stacks	were	made	in	the	image	analysis	program	ImageJ	(imagej.nih.gov/ij).	
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Fluorescence	levels	were	then	measured	at	three	locations	along	the	length	of	the	

ventral	nerve	cord,	anterior	to	the	vulva,	using	a	rectangular	region	of	interest	10µm	

in	length.		For	each	measurement	along	the	nerve	cord,	a	corresponding	

measurement	of	background	fluorescence	level	was	taken.		The	background	

fluorescence	level	was	then	subtracted	from	the	nerve	cord	fluorescence	to	control	

for	variations	in	illumination	intensity.	

	

	 Behavior	Analysis:	Behavioral	analysis	was	conducted	on	jaSi4;acr-

16(ok789),	unc-63(x37);jaSi4;acr-16(ok789),	jaSi4;acr-16(ok789);EMS19	(6x)	SY,	

unc-63(x37);jaSi4;acr-16(ok789);EMS19;	(4x)	SY,	jaSi4;acr-16(ok789);EMS27	SY,	

unc-63(x37);jaSi4;acr-16(ok789);EMS27	SY,	jaSi4;acr-16(ok789);EMS28	SY,	unc-

63(x37);jaSi4;acr-169(ok789);EMS28	SY	.	Thrashing	motility	for	individual	worms	in	

M9	medium	was	measured	per	minute	for	a	total	of	three	minutes.	Body	bend	

assays	were	performed	on	worms	allowed	to	acclimate	for	one	minute	on	unseeded	

agar	plates.	The	number	of	full	body	bends	completed	by	the	worm	in	one	minute	

was	then	counted.	A	body	bend	is	counted	when	the	head	of	the	worm	completes	a	

full	sinusoid.  

	

	 Electrophysiology:	The	worm	dissection	and	electrophysiological	methods	

were	done	as	previously	described	(50,74).	Briefly,	animals	were	immobilized	with	

Histoacryl	Blue	glue,	and	a	lateral	cuticle	incision	was	made	with	a	borosillicate	

glass	needle,	exposing	the	ventral	medial	body	wall	muscles.	Body	wall	muscle	

recordings	were	done	in	the	whole-cell	voltage-clamp	configuration	(holding	
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potential,	−60	mV)	using	an	EPC-10	patch-clamp	amplifier	and	digitized	at	1	kHz.	

The	5	mM	Ca2+	extracellular	solution	consisted	of	150	mM	NaCl,	5	mM	KCl,	5	mM	

CaCl2,	4	mM	MgCl2,	10	mM	glucose,	5	mM	sucrose,	and	15	mM	HEPES	(pH	7.3,	∼340	

mOsm).	The	patch	pipette	was	filled	with	120	mM	KCl,	20	mM	KOH,	4	mM	MgCl2,	5	

mM	(N-tris[Hydroxymethyl]	methyl-2-aminoethane-sulfonic	acid),	0.25	mM	CaCl2,	4	

mM	Na2ATP,	36	mM	sucrose,	and	5	mM	EGTA	(pH	7.2,	∼315	mOsm).	Data	were	

acquired	using	Pulse	software	(HEKA,	Southboro,	Massachusetts,	United	States)	run	

on	a	Dell	computer.		Analysis	and	graphing	was	performed	using	Pulsefit	(HEKA),	

Mini	analysis	(Synaptosoft	Inc.,	Decatur,	Georgia,	United	States)	and	Igor	Pro	

(Wavemetrics,	Lake	Oswego,	Oregon,	United	States).	

	 	 	

	 Whole	Genome	Sequencing:	Whole	genome	sequencing	was	done	using	the	

Varient	Density	method	(75,	76).	Briefly,	animals	with	a	phenotype	of	interest	were	

backcrossed	into	the	original	mutagenized	strain	four	times,	following	the	ACR-

16::GFP	phenotype.	Animals	were	grown	on	three	to	four	large	plates	(150x15mm)	

until	starved.	DNA	was	then	extracted	using	a	Gentra	Puregene	Kit	(Quiagen,	Hilden,	

Germany).	Whole	genome	sequencing	was	performed	at	the	University	of	Kansas	

Genome	Sequencing	Core	Laboratories	(gsc.ku.edu).	TruSeq	DNA	libraries	were	

constructed	and	used	on	a	Hiseq	2500	platform	(Illumina,	San	Diego,	California,	

United	States)	with	100bp	single	reads	at	40x	coverage.	These	data	were	then	

analyzed	using	the	CloudMap	platform	(76).		

	

	 RNAi:	In	order	to	selectively	knock	down	genes	of	interest,	RNAi	was	done	by	
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the	feeding	method	(77).	Briefly,	NGM	plates	with	carbenicillin	and	IPTG	were	

poured	and	allowed	to	dry	for	approximately	five	days	before	seeding.		Meanwhile	

bacteria	containing	the	RNAi	constructs	of	interest	were	taken	from	the	Ahringer	

library	glycerol	stocks	and	inoculated	into	LB	containing	ampicillin	and	grown,	

shaking	at	37°C,	overnight.	RNAi	plates	were	then	seeded	and	allowed	to	dry	and	

induce	overnight	at	room	temperature.	jaSi4;acr-16(ok789)	worms	were	grown	on	

standard	NGM	plates	seeded	with	OP50	bacteria	until	there	was	a	large	population	

of	adult	animals	with	a	sufficient	number	of	eggs.	A	standard	bleaching	and	washing	

protocol	was	used	to	isolate	embryos,	which	were	allowed	to	hatch	in	M9	overnight	

in	a	20°C	incubator.	The	starved	L1s	were	then	plated	onto	the	prepared	RNAi	

plates	and	allowed	to	grow	to	the	desired	stage	for	screening.	

	

 Statistical	Analysis:	Graphed	data	were	plotted	as	mean	and	S.E.M,	and	

significance	was	calculated	using	either	the	Mann-Whitney	test	or	a	ONE-way	

ANOVA	with	a	Tukey	post	test	correction.	Statistically	significant	values	were	as	

follows:	not	significant	(p>0.05),	*(p≤0.05),	**(p≤0.01),	***(p≤0.001).	Sample	sizes	

for	each	experiment	were	determined	using	a	type	two	error	rate	of	0.80	and	a	type	

one	error	rate	of	0.05.		
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II.c	Results	

II.c.1	Forward	mutagenesis	screen	using	jaSi4	[Pmyo-3::acr-16::GFP]	

In	order	to	identify	previously	unknown	regulators	of	the	NAChR	ACR-16,	a	

forward	genetic	screen	was	performed	using	the	chemical	mass	mutagen EMS	(Fig.	

10A).	EMS	is	the	most	commonly	used	mutagen	in	C.	elegans	and	generally	creates	

single	base	pair	changes	of	G/C	and	A/T	(78).	A	single	copy	insertion	of	ACR-

16::GFP,	generated	using	the	MOSCI	protocol,	referred	to	as	jaSi4	(79),	was	used	in	

an	acr-16(ok789)	mutant	background	for	the	mutagenized	strain.	This	line	was	kept	

in	the	acr-16	null	background	in	order	to	prevent	reduction	of	the	ACR-16::GFP	

signal	due	to	the	presence	of	endogenous	untagged	ARC-16	receptors.		The	use	of	a	

single	copy	transgene	should	allow	for	the	discovery	of	mutants	with	even	a	subtle	

reduction	phenotype.	After	animals	were	mutageneized,	their	second	generation	

(F2)	progeny	were	screened	for	a	reduction	of	ACR-16::GFP	fluorescence	(Fig.	10B).	

Approximately	5600	haploid	genomes	were	screened	and	three	mutant	candidates	

were	found,	referred	to	as	EMS28,	EMS27,	and	EMS19	based	on	their	generation	in	

an	EMS	screen.	
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Figure	10.	A	forward	genetic	screen	using	EMS	was	done	to	identify	regulators	

of	the	nAChR	ACR-16.	A.	1.	Mutagenized	L4	animals	were	allowed	to	recover	for	

8hrs	on	a	large	2xNGM	plate.	2.	Eight	animals	were	picked	to	3	separate	plates	to	

establish	the	P0	generation.	3.	Three	F1	animals	were	picked	to	60	separate	plates	

and	allowed	to	propagate.	4.	Approximately	30	F2	animals	from	each	of	the	60	

plates	were	mounted	onto	agar	pads	and	ACR-16::GFP	localization	was	examined.	B.	

An	example	of	the	reduction	in	levels	of	ACR-16::GFP	that	was	screened	for.	This	

reduction	was	generated	using	an	acr-16	specific	RNAi	construct.	
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II.c.2	Quantification	of	ACR-16::GFP	fluorescence	levels	in	candidate	EMS	

mutations	

To	evaluate	the	reduction	in	levels	of	ACR-16	in	the	EMS	mutant	backgrounds,	

fluorescence	of	ACR-16::GFP	was	quantified.	All	three	mutants,	jaSi4;acr-

16(ok789);EMS28,	jaSi4;acr-16(ok789);EMS27,	and	jaSi4;acr-16(ok789);EMS19,	

referred	to	from	here	as	EMS28,	EMS27,	and	EMS19,	had	a	significant	reduction	in	

levels	of	ACR-16::GFP	as	compared	to	the	control	strain	jaSi4;acr-16(ok789)	(EMS28:	

4.770±1.857	n=7,	EMS27:	12.838±5.092	n=8,	EMS19:	4.020±1.567	n=7,	control:	

19.065±7.443	n=10)	suggesting	that	there	is	a	significant	reduction	in	expression	of	

the	ACR-16	receptor	at	the	NMJ	(Fig.	11A,B).	The	reduction	of	ACR-16::GFP	was	also	

quantified	in	an	LAChR	(unc-63(x37))	mutant	background	to	verify	that	the	

reduction	remained	in	these	double	mutant	strains.	Again,	all	three	EMS	mutants,	

EMS28,	EMS27,	and	EMS19,	had	a	significant	reduction	in	levels	of	ACR-16::GFP	

fluorescence	when	compared	to	the	control	(EMS28:	4.514±2.239	n=7,	EMS27:	

10.422±7.226	n=5,	EMS19:	4.467±2.441	n=7,	control:	26.070±13.551	n=7)	(Fig.	

11C,D).		
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Figure	11.	All	three	EMS	mutations	cause	a	reduction	in	ACR-16::GFP	

fluorescence	levels	at	the	NMJ	of	C.	elegans.	A.	Representative	images	of	ACR-

16::GFP	in	acr-16(ok789);EMS	mutant	backgrounds.	B.	Quantification	of	ACR-

16::GFP	fluorescence	at	the	NMJ	demonstrated	a	significant	decrease	in	ACR-

16::GFP	levels	in	the	EMS	mutants	as	compared	to	the	control	(EMS28:	4.770±1.857	

n=7,	EMS27:	12.838±5.092	n=8,	EMS19:	4.020±1.567	n=7,	control:	19.065±7.443	

n=10).	C.	Representative	images	of	ACR-16::GFP	fluorescence	in	unc-63(x37);acr-

16(ok789);EMS	mutant	backgrounds.	D.	Quantification	of	ACR-16::GFP	shows	a	

significant	decrease	in	ACR-16::GFP	levels	in	the	EMS	mutants	as	compared	to	the	

control		(EMS28:	4.514±2.239	n=7,	EMS27:	10.422±7.226	n=5,	EMS19:	4.467±2.441	

n=7,	control:	26.070±13.551	n=7).	
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II.c.3	Behavioral	analysis	of	EMS	mutations	

Touroutine	et.	al.,	(56)	have	shown	that	acr-16(ok789)	mutants	do	not	have	

any	behavioral	defects	on	their	own.	However,	when	crossed	into	the	uncoordinated	

LAChR	mutant	unc-63(x37)	to	create	a	double	mutant,	the	resulting	worms	are	

extremely	uncoordinated	and	move	very	little,	if	at	all.		This	information	can	be	used	

to	test	if	the	EMS	mutations	affect	ACR-16	function	by	evaluating	their	behavioral	

phenotypes	in	the	unc-63(x37)	mutant	background.	As	expected,	the	EMS	mutants	

alone	had	no	significant	difference	as	compared	to	control	in	the	thrashing	assay	

(Fig.	12A)	and	body	bend	assay	(EMS28:	15.9±4.228	n=10,	EMS27:	16.7±3.974	n=10,	

EMS19:	15.2±3.910	n=10,	control:	18.3±4.029)	(Fig.	12B).	However,	when	thrashing	

and	body	bend	phenotypes	were	examined	in	the	EMS	and	unc-63(x37)	double	

mutant	backgrounds,	there	was	a	significant	reduction	in	both	number	of	thrashes		

(Fig.	12A)	and	body	bends	as	compared	to	the	LAChR	mutant	unc-63(x37)	control	

(EMS28:	1.5±1.4	n=10,	EMS27:	3.8±2.2	n=10,	EMS19:	2.9±1.4	n=10,	control:	7±3.1	

n=10)	(Fig.	12B).	Based	on	the	additivity	of	the	motility	defect,	this	implies	that	the	

ACR-16	receptor	is	affected	by	these	EMS	mutations,	causing	a	locomotory	defect.		
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Figure	12.	The	EMS	mutants	alone	do	not	have	any	locomotory	defects,	but	

LAChR	double	mutants	have	a	severe	motility	defect.	A.	Thrashing	assay	to	

examine	locomotion	in	the	EMS	mutants.	The	EMS	mutants	alone	do	not	have	any	

significant	change	in	number	of	thrashes	as	compared	to	the	control,	however	in	the	

LAChR	mutant	background	the	EMS	mutants	have	a	significant	reduction	in	number	

of	thrashes	as	compared	to	the	LAChR	control.	B.	Body	bend	assay	to	examine	

locomotion	in	the	EMS	mutants.	Alone,	the	EMS	mutants	do	not	have	a	significant	

change	in	the	number	of	body	bends	as	compared	to	the	control	(EMS28:	15.9±4.228	

n=10,	EMS27:	16.7±3.974	n=10,	EMS19:	15.2±3.910	n=10,	control:	18.3±4.029),	

however	in	the	LAChR;EMS	double	mutant	background	there	is	a	significant	

decrease	in	the	number	of	body	bends	as	compared	to	the	LAChR	control	(EMS28:	

1.5±1.4	n=10,	EMS27:	3.8±2.2	n=10,	EMS19:	2.9±1.4	n=10,	control:	7±3.1	n=10).		



	

	 46	
	

	

II.c.4	Evaluations	of	LAChR	levels	and	localization	in	EMS	mutants	

There	are	two	cholinergic	receptor	types	at	the	C.	elegans	NMJ,	and	it	is	

important	to	examine	if	the	EMS	mutations	are	affecting	only	the	ACR-16	receptor	

type	or	if	they	are	acting	on	the	LAChR	as	well.	To	do	this	the	EMS	mutants	were	

crossed	into	a	line	that	expressed	a	RFP	tagged	UNC-29	subunit	of	the	LAChR.	Levels	

of	RFP	fluorescence	were	quantified	and	localization	was	examined	in	the	EMS	

mutant	backgrounds.	The	two	mutants	that	were	imaged,	EMS19	and	EMS28,	had	no	

significant	difference	in	RFP	fluorescence	levels	as	compared	with	the	control,	and	

there	seemed	to	be	no	gross	change	in	RFP	localization	(EMS19:	10.7±9.6	n=10,	

10.7±3.7	n=6,	EMS28:	11.8±5.1	n=13)	(Fig.	13A,B).	This	result	suggested	that	the	

EMS	mutants	were	affecting	the	ACR-16	receptor	specifically.			
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Figure	13.	Expression	and	localization	of	the	LAChRs	was	unchanged	in	the	

EMS	mutants.	A.	Representative	images	of	UNC-29::RFP	fluorescence	levels	and	

localization	in	the	EMS	mutants.	B.	Quantification	of	UNC-29::RFP	fluorescence	in	

the	EMS	mutants	demonstrated	no	change	in	UNC-29::RFP	intensity	as	compared	to	

the	control	(EMS19:	10.7±9.6	n=10,	10.7±3.7	n=6,	EMS28:	11.8±5.1	n=13).	
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The	EMS27	mutant	could	not	be	evaluated	with	the	UNC-29::RFP	construct	

because	of	the	level	of	ACR-16::GFP	reduction	in	the	EMS27	mutant	background.	

Although	the	levels	of	ACR-16::GFP	were	significantly	reduced,	it	was	not	as	

dramatic	as	in	the	other	two	EMS	mutants.	This	made	generating	different	lines,	

especially	those	with	added	fluorescence	markers,	difficult	to	confidently	

homozygous	for	the	EMS27	ACR-16::GFP	reduction	phenotype.	Other	ways	of	

evaluating	LAChR	were	used	for	this	mutant	line,	discussed	below.	

	

II.c.5	Electrophysiological	analysis	of	EMS	mutants	

Based	on	the	changes	in	ACR-16	receptor	expression	at	the	NMJ	and	the	

increased	locomotory	deficits	seen	in	the	ACR-16	LAChR	double	mutants,	a	change	

in	synaptic	transmission	was	expected	in	the	EMS	mutant	backgrounds.	The	effect	of	

these	mutations	on	evoked	response	levels	in	dissected	animals	in	vivo	was	

examined	using	whole	cell	patch	clamp	techniques.	All	three	EMS	mutations	caused	

a	significant	reduction	in	postsynaptic	evoked	amplitude	compared	to	the	control	

responses	(Fig.	14A,B)	(EMS28:	812.7±513.6	n=6,	EMS27:	1230±624.2	n=7,	EMS19:	

716.3±417.5	n=6,	control:	2452.6±459.4	n=8).	This	indicates	that	the	EMS	

mutations	affect	postsynaptic	receptor	function.		

Pressure-ejecting	specific	agonists	onto	dissected	C.	elegans	allows	for	the	

analysis	of	the	response	of	each	of	the	two	specific	cholinergic	receptor	types	at	the	

synapse.	Levamisole	was	used	to	selectively	activate	the	LAChRs	in	each	of	the	EMS	

mutant	backgrounds.	If	the	total	number	of	muscle	LAChRs	were	reduced,	then	a	

reduction	in	the	pressure-ejected	response	would	be	seen.	The	amplitude	of	the	
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response	in	each	of	the	EMS	mutant	backgrounds	was	not	significantly	reduced	as	

compared	to	the	control	(Fig.	14C,D)	(EMS28:	198.6±	24.7	n=5,	EMS27:	199.8±39.6	

n=5,	EMS19:	261.6±126.6	n=7,	control:	238.7±97.5	n=11).	These	data,	as	well	as	the	

fluorescence	imaging	which	showed	no	change	in	UNC-29::RFP	levels,	demonstrates	

that	the	EMS	mutants	specifically	affect	the	NAChR	ACR-16	at	the	NMJ.		

To	further	understand	how	the	EMS	mutants	are	affecting	the	ACR-16	

receptor,	nicotine	was	pressured-ejected	onto	muscles	of	the	dissected	C.	elegans	

preparation.	In	the	EMS28	and	EMS19	mutants	there	was	a	significant	reduction	in	

current	amplitude	in	response	to	pressure-ejected	nicotine	when	compared	to	the	

control	(EMS28:	420±213.1	n=4,	EMS19:	460.3±331	n=4,	control:	1130.8±355.3	

n=6).	This	suggests	a	defect	in	either	ACR-16	receptor	trafficking	or	assembly,	or	an	

increase	in	receptor	degradation.	In	the	EMS27	mutant	background	there	was	no	

change	in	the	response	amplitude	when	nicotine	was	pressure-ejected	when	

compared	to	the	control	(Fig.	14E,F)	(EMS27:	1336.8±371.1	n=5,	control:	

1130.8±355.3	n=6).	This	suggests	that	the	receptors	were	present	and	functional	on	

the	muscle	membrane,	but	may	be	dispersed	and	no	longer	localized	to	the	synapse.		
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Figure	14.	Changes	in	synaptic	transmission	were	observed	in	the	EMS	

mutants.	A.	Representative	traces	of	evoked	postsynaptic	amplitudes	in	the	EMS	

mutants.	B.	Quantification	of	the	evoked	postsynaptic	currents	in	the	EMS	mutants	

demonstrated	that	all	three	mutants	have	a	significant	decrease	in	average	

amplitude	as	compared	to	the	control	(EMS28:	812.7±513.6	n=6,	EMS27:	

1230±624.2	n=7,	EMS19:	716.3±417.5	n=6,	control:	2452.6±459.4	n=8).	C.	

Representative	traces	of	pressure-ejected	levamisole	amplitudes	dissected	EMS	

mutant	worms.	D.	Quantification	of	pressure-ejected	levamisole	elicited	amplitudes	

showed	that	there	was	no	significant	different	in	amplitude	size	in	the	EMS	mutants	

as	compared	to	the	control	(EMS28:	198.6±	24.7	n=5,	EMS27:	199.8±39.6	n=5,	

EMS19:	261.6±126.6	n=7,	control:	238.7±97.5	n=11).	E.	Representative	traces	of	

pressure-ejected	nicotine	amplitudes	in	EMS	mutants.	F.	Quantification	of	the	

amplitudes	elicited	from	pressure-ejected	nicotine.	EMS28	and	EMS19	have	

significantly	reduced	amplitudes	as	compared	to	the	control	(EMS28:	420±213.1	

n=4,	EMS19:	460.3±331	n=4,	control:	1130.8±355.3	n=6).		Amplitudes	in	EMS27	

mutants	were	unchanged	as	compared	to	the	control	(EMS27:	1336.8±371.1	n=5,	

control:	1130.8±355.3	n=6).	
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II.c.6	Whole	genome	sequencing	to	determine	the	identity	of	EMS	

mutants	

In	order	to	determine	the	identity	of	the	genes	that	were	perturbed	in	the	

EMS28,	EMS27	and	EMS19	mutants,	Whole	Genome	Sequencing	was	performed	

using	the	Variant	Density	Mapping	approach	(Fig.	15A).	The	CloudMap	platform	was	

used	to	subtract	background	mutations	that	were	found	in	the	original	mutagenized	

strain	and	common	mutations	found	in	the	three	EMS	mutant	lines.	This	narrowed	

down	the	target	mutation	to	the	following	chromosomes:		chromosome	III	for	

EMS28	and	chromosome	II	for	EMS27	(Fig.	15B).	By	evaluating	the	levels	of	ACR-

16::GFP	in	heterozygous	mutant	males,	it	was	determined	that	the	target	mutation	

was	on	the	X	chromosome	in	EMS19	(Fig.	15B),	as	males	with	a	single	copy	of	the	

EMS19	mutation	still	exhibited	a	significant	reduction	in	ACR-16::GFP	expression	

(data	not	shown).			

From	the	data	entered	into	and	run	using	a	CloudMap	based	algorithm,	a	list	

of	possible	gene	candidates	was	generated.	The	location	of	these	genes	

corresponded	to	the	chromosome	isolated	in	the	original	analysis,	and	were	

selected	based	on	the	presence	of	a	mutation	causing	a	non-synonymous	amino	acid	

change	or	a	mutation	in	a	regulatory	region	of	a	gene.	The	gene	candidates	for	

EMS28	were	sca-1	and	ced-7,	the	gene	candidate	for	EMS27	was	vab-1,	and	the	gene	

candidates	for	EMS19	were	nrx-1,	nlg-1,	f59d12.1,	f52g3.1,	c04c11.1,	pqn-36,	and	

c44h4.4.		
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Figure	15.	Whole	genome	sequencing	and	analysis	with	CloudMap	was	done	to	

determine	the	mutated	loci	in	the	EMS	mutants.		A.	Model	of	the	variant	density	

mapping	approach,	which	was	used	to	determine	the	mutated	loci	in	the	EMS	

mutants.	B.	After	analysis	of	the	whole	genome	sequencing	results	using	the	

CloudMap	platform,	the	chromosomes	where	the	EMS	mutations	were	located	were	

determined.	EMS28	was	located	on	chromosome	II,	EMS27	was	located	on	

chromosome	III,	and	EMS19	was	located	on	the	X	chromosome.	
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II.c.7	Quantification	of	ACR-16::GFP	fluorescence	intensity	in	candidate	

gene	mutant	backgrounds	

Once	the	candidate	genes	had	been	identified,	it	was	necessary	to	examine	

the	effects	of	mutations	in	each	of	them	on	levels	of	ACR-16::GFP,	as	this	was	the	

original	phenotype	used	in	the	gene	identification.	When	available,	reference	

mutants	for	each	of	the	candidate	genes	were	obtained,	from	either	the	

Caenorhabditis	Genetics	Center	(CGC)	or	the	National	BioResource	Project	(NBRP)	

and	crossed	into	the	jaSi4;acr-16(ok789)	background.	Levels	of	ACR-16::GFP	

fluorescence	were	then	analyzed	in	these	newly	created	strains.		

The	mutant	alleles	obtained	for	the	EMS28	gene	candidates	were	sca-

1(tm5339)	and	ced-7(n1996).	Fluorescence	levels	of	ACR-16::GFP	were	examined	in	

these	mutant	backgrounds	and	a	significant	reduction	in	fluorescence	was	observed	

in	the	sca-1(tm5339)	mutant	as	compared	to	the	control	(sca-1(tm5339):	17.7±8.0	

n=20,	control:	26.7±10.1	n=44)	(Fig.	16A,B).	However,	there	was	no	significant	

change	in	ACR-16::GFP	fluorescence	levels	in	the	ced-7(n1996)	mutant	background	

(ced-7(n1996):	28.1±11.2	n=19,	control:	26.7±10.1	n=44)	.	Based	on	these	results	

sca-1	was	further	evaluated	as	a	regulator	of	ACR-16	and	ced-7	was	no	longer	

pursued.	

vab-1	was	the	candidate	gene	identified	from	the	Whole	Genome	Sequencing	

of	EMS27	and	the	mutant	allele	that	was	procured	was	vab-1(ok1699).	The	mutant	

allele	was	crossed	into	jaSi4;acr-16(ok789),	and	this	new	strain	was	used	to	evaluate	

the	levels	of	ACR-16::GFP	fluorescence.		When	compared	to	control	levels	of	

fluorescence,	there	was	a	significant	reduction	in	the	vab-1(ok1699)	mutant	(vab-
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1(ok1699):	21.9±7	n=21,	control:	26.7±10.1	n=44).	(Fig.	16A.B)	This	reduction	

suggested	that	the	EMS27	mutation	may	be	in	the	vab-1	gene.	

There	were	not	many	mutant	alleles	available	for	the	gene	candidates	for	

EMS19,	so	RNAi	was	used	to	evaluate	changes	in	ACR-16::GFP.		First,	mutant	alleles	

nrx-1(ok149)	and	nlg-1(ok259)	were	crossed	into	jaSi4;acr-16(ok789).	These	newly	

created	lines	were	imaged	to	analyze	levels	of	ACR-16::GFP	and	no	significant	

change	in	fluorescence	was	found	when		compared	to	the	control,	decreasing	the	

likelihood	that	these	genes	are	possible	loci	for	EMS19	(nrx-1(ok149):	28.0±11.3	

n=21,	nlg-1(ok259):	28.9±9.6	n=20,	control:	26.7±10.1	n=44)	(Fig.	16A.B).		Next,	

using	the	feeding	method,	RNAi	was	performed	on	jaSi4;acr-16(ok789)	animals	for	

constructs	against	f59d12.1,	f52g3.1,	c04c11.1,	pqn-36,	and	c44h4.4.	A	RNAi	construct	

against	acr-16	was	also	included	as	a	positive	control.	When	compared	to	the	

control,	neither	the	empty	RNAi	construct	L4440,	nor	the	candidate	gene	constructs	

exhibited	a	significant	change	in	ACR-16::GFP	fluorescence	levels	(f59d12.1:	

25.9±8.9	n=10,	f52g3.1:	23.6±8.1	n=9,	c04c11.1:	23.2±8.8	n=11,	pqn-36:	22.8±5.2	

n=5,	c44h4.4:	25.4±5.6	n=5,	and	L4440:	23.5±6.8	n=12),	whereas	the	acr-16	RNAi	

eliminated	ACR-16::GFP	fluorescence	(acr-16:	6.9±4.5	n=10,	L4440:	23.5±6.8	n=12)	

(Fig.	16C,D).		This	does	not,	however,	rule	out	all	of	these	genes,	as	it	is	possible	that	

the	RNAi	library	from	which	the	constructs	were	obtained	was	compromised	by	age	

of	the	library,	library	storage	conditions,	or	validity	of	the	original	constructs.	

Finally	a	mutant	allele,	f59d12.1(gk1000),	was	obtained	and	crossed	into	jaSi4;acr-

16(ok780)	and	ACR-16::GFP	levels	were	evaluated.	A	significant	reduction	in	

fluorescence	levels	was	observed	when	compared	to	the	control,	suggesting	that	the	
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EMS19	mutation	is	in	the	f59d12.1	gene	(f59d12.1(gk1000):	12.8±5.0	n=9,	control:	

29.1±8.6	n=11)	(Fig.	16E,F).	
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Figure	16.	Evaluation	of	ACR-16::GFP	in	candidate	mutants.	A.	Representative	

images	of	ACR-16::GFP	fluorescence	levels	in	candidate	mutants	determined	by	

whole	genome	sequencing.	B.	Quantification	of	ACR-16::GFP	fluorescence	levels	

demonstrated	that	sca-1(tm5339)	and	vab-1(ok1699)	mutants	caused	a	significant	

decrease	in	ACR-16::GFP	at	the	NMJ	as	compared	to	the	control,	whereas	the	other	

mutants	evaluated	did	not	cause	a	significant	change	(sca-1(tm5339):	17.7±8.0	

n=20,	ced-7(n1996):	28.1±11.2	n=19,	vab-1(ok1699):	21.9±7	n=21,	nrx-1(ok149):	

28.0±11.3	n=21,	nlg-1(ok259):	28.9±9.6	n=20,	control:	26.7±10.1	n=44).	C.	

Representative	images	of	ACR-16::GFP	fluorescence	levels	in	jaSi4;acr-16(ok789)	

animals	treated	with	RNAi	constructs	against	EMS19	candidate	genes.	D.	

Quantification	of	ACR-16::GFP	fluorescence	levels	showed	that	none	of	the	RNAi	

constructs	caused	any	significant	change	in	ACR-16::GFP	fluorescence	intensity	as	

compared	to	the	control	(f59d12.1:	25.9±8.9	n=10,	f52g3.1:	23.6±8.1	n=9,	c04c11.1:	

23.2±8.8	n=11,	pqn-36:	22.8±5.2	n=5,	c44h4.4:	25.4±5.6	n=5,	and	L4440:	23.5±6.8	

n=12).	E.	Representative	images	of	changes	in	ACR-16::GFP	fluorescence	in	the	

f59d12.(gk1000)	mutant.	F.	Quantification	of	ACR-16::GFP	fluorescence	levels	in	the	

f59d12.1(gk1000)	mutant	showed	a	significant	reduction	as	compared	to	the	control	

(f59d12.1(gk1000):	12.8±5.0	n=9,	control:	29.1±8.6	n=11).	
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II.c.8	Confirmation	of	candidate	gene	identity		

Once	genes	that	phenocopied	the	reduction	in	ACR-16::GFP	were	found,	it	

was	necessary	to	test	if	they	were,	in	fact,	the	same	genes	that	were	perturbed	in	the	

EMS	mutants.	To	do	this	complementation	tests	were	done	using	the	previously	

evaluated	gene	candidate	mutant	lines	crossed	into	the	appropriate	EMS	mutant	

males.	F1	hermaphrodites	from	the	cross	were	imaged	and	levels	of	ACR-16::GFP	

were	evaluated.	If	the	lesion	was	found	in	the	same	gene	in	each	of	the	mutant	lines,	

then	a	significant	reduction	in	ACR-16::GFP	should	be	seen	in	the	F1	population.	As	

the	EMS	mutants	tended	to	have	a	higher	reduction	in	ACR-16::GFP	levels,	males	

were	generated	using	the	EMS	mutants	through	heat	shock.	Once	imaged,	F1	

animals	were	genotyped	for	the	candidate	mutations	and	only	images	from	worms	

that	were	heterozygous,	implying	they	were	the	cross	progeny,	were	analyzed.	

Based	on	this	analysis,	all	three	candidate	genes	that	previously	showed	a	

significant	reduction	of	ACR-16::GFP	levels	continued	to	show	a	significant	

reduction	when	crossed	over	their	appropriate	EMS	mutation	as	compared	to	the	

control.	This	showed	non-complementation	of	sca-1(tm5339)	and	EMS28	(EMS28:	

8.9±4.3	n=8,	sca-1:	18.4±5.8	n=6,		EMS28xsca-1:13.8±5.3	n=20,	control:	27.7±9.5	

n=9)	(Fig.	17A,B)	vab-1(ok1699)	and	EMS27	(EMS27:	19.5±5.6	n=19,	vab-1:	22.6±6.1	

n=13,	EMS27xvab-1:	15.9±6.0	n=25,	control:	24.7±8.7	n=16)	(Fig.	17C,D),	and	

f59d12.1(gk1000)	and	EMS19	(EMS19:	6.6±1.7	n=7,	f59d12.1:	15.1±3.7	n=10,	

EMS19xf59d12.1:	11.9±3.3	n=15,	control:	23.4±8.0	n=16)	(Fig.	17E,F),	suggesting	

that	the	lesions	are	found	in	the	same	gene	and	confirming	the	identification	of	new	

regulators	of	ACR-16	receptors.	
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Figure	17.	EMS	mutants	and	candidate	genes	are	non-complimentary.	A.	

Representative	images	of	ACR-16::GFP	fluorescence	in	EMS28,	sca-1(tm5339),	and	

EMS28xsca-1	mutants.	B.	Quantification	of	ACR-16::GFP	demonstrated	a	significant	

decrease	in	EMS28	and	sca-1(tm5339)	mutants,	and	EMS28xsca-1	mutants	(EMS28:	

8.9±4.3	n=8,	sca-1:	18.4±5.8	n=6,	EMS28xsca-1:	13.8±5.3	n=20,	control:	27.7±9.5	

n=9).	C.	Representative	images	of	ACR-16::GFP	fluorescence	in	EMS27,	vab-

1(ok1699),	and	EMS27xvab-1	mutants.	D.	Quantification	of	ACR-16::GFP	

fluorescence	showed	a	significant	decrease	in	EMS27,	vab-1(ok1699)	mutants,	and	

the	EMS27xvab-1	mutants	(EMS27:	19.5±5.6	n=19,	vab-1:	22.6±6.1	n=13,	

EMS27xvab-1:	15.9±6.0	n=25,	control:	24.7±8.7	n=16).		E.	Representative	images	of	

ACR-16::GFP	fluorescence	in	EMS19,	f59d12.1(gk1000),	and	

EMS19xf59d12.1(gk1000).	F.	Quantification	of	ACR-16	fluorescence	levels	

demonstrated	a	significant	reduction	in	EMS19,	f59d12.1(gk1000)	mutants,	and	

EMS19xf59d12.1(gk1000)	mutants	(EMS19:	6.6±1.7	n=7,	f59d12.1:	15.1±3.7	n=10,	

EMS19xf59d12.1:	11.9±3.3	n=15,	control:	23.4±8.0	n=16).	

	

	

	

	

	

	

	

	



	

	 62	
	

	

II.d	Discussion	

Using	chemical	mutagenesis,	in	a	forward	genetic	screen,	three	new	

regulators	of	the	ACR-16	receptor	were	identified.	When	originally	identified	in	the	

screen	these	mutants,	referred	to	as	EMS28,	EMS27,	and	EMS19,	all	showed	a	

significant	reduction	in	ACR-16::GFP	fluorescence	levels	and	a	significant	reduction	

in	evoked	response	amplitudes,	suggesting	that	the	NAChRs	were	affected.	The	

effect	of	these	EMS	mutations	on	the	second	class	of	NMJ	cholinergic	receptor,	

LAChRs,	was	evaluated	using	fluorescence	microscopy	and	electrophysiology,	which	

demonstrated	that	the	EMS	mutations	were	acting	specifically	on	the	ACR-16	

receptor.	Whole	genome	sequencing	was	done	to	determine	the	genes	perturbed	in	

the	screen.	Using	Variant	Density	Mapping,	sca-1,	vab-1,	and	f59d12.1	were	

identified	as	gene	candidates	for	EMS28,	EMS27,	and	EMS19,	respectively.	Non-

complementation	between	these	mutants	suggested	that	the	lesions	were	in	the	

identified	genes.		

Further	characterization	of	these	genes	needs	to	be	done	to	understand	their	

role	in	affecting	ACR-16	receptor	function.	It	is	possible,	based	on	the	widely	

different	predicted	functions	of	these	genes,	that	novel	regulatory	pathways	for	

NAChRs	will	be	discovered.	Given	the	highly-conserved	nature	of	these	genes,	it	is	

plausible	that	these	pathways	will	not	only	function	at	the	C.	elegans	NMJ	but	also	in	

the	nervous	systems	of	many	organisms,	given	that	both	ACR-16	and	its	mammalian	

homolog	α7	are	expressed	in	a	subset	of	neurons.		
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III.	The	C.	elegans	sarcoplasmic	reticulum	calcium-ATPase	regulates	nicotinic	
acetylcholine	receptor	ACR-16	expression	
	 	

	
III.a	Introduction	

	 	
Calcium	is	an	important	intracellular	messenger,	increases	in	internal	

calcium	activating	many	processes	including	but	not	limited	to	neurotransmitter	

release,	synaptic	plasticity,	and	cell	survival	(80).	In	vertebrate	systems,	nAChRs	

have	been	shown	to	mediate	calcium	entry	by	depolarizing	the	plasma	membrane	

leading	to	voltage-gated	calcium	channel	activation	and/or	through	intrinsic	nAChR	

calcium	permeability.	The	homopentameric	α7	receptors	found	in	neurons	are	the	

most	calcium	permeable	of	nAChRs	found	in	the	central	nervous	system	and	have	

been	implicated	in	a	number	of	calcium	mediated	signaling	cascades	(81,	82,	2).	

Proteins	that	regulate	the	levels	of	nAChRs	present	at	these	synapses	are	therefore	

positioned	to	affect	levels	of	calcium	entry	and	in	turn	modulate	the	strength	of	

calcium	driven	signaling	mechanisms.		

	 Internal	pathways	of	calcium	release	and	removal	are	well	characterized.	

When	calcium	enters	the	cell	through	nicotinic	acetylcholine	receptors,	it	can	cause	

calcium	influx	as	well	as	calcium-induced	calcium	release	(CICR)	via	ryanodine	

receptors	and	inositol	(1,4,5)-triphosphate	(IP3)	receptors	located	on	either	the	

sarcoplasmic	or	endoplasmic	reticulum	(83).	The	release	of	calcium	from	these	two	

internal	receptor	types	has	different	kinetics.	The	ryanodine	receptors	open	rapidly	

upon	membrane	depolarization	or	calcium	influx.	The	IP3	receptors	are	activated	

through	a	calcium	triggered	signaling	cascade	involving	PIP2	cleavage	to	produce	

IP3,	and	causes	a	slower	wave	of	internal	calcium	release.	This	biphasic	release	
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process	can	result	in	a	large,	transient	increase	in	cytoplasmic	calcium	

concentrations,	at	times	as	much	as	100	fold	that	of	resting	calcium	(80,	84).	The	

termination	of	this	calcium	signal	involves	the	sarco(endo)plasmic	reticulum	

calcium	ATPases	(SERCA).	SERCAs	are	P-type	calcium	pumps	containing	two	

calcium-binding	sites,	which	are	located	in	transmembrane	helices	(Periasamy,	

2007).	In	vertebrates	there	are	three	SERCA	genes	and	at	least	ten	different	

isoforms,	specific	genes	and	isoforms	functioning	in	different	cell	types	(Gehlert,	

2015).	SERCA	pumps	work	together	with	plasma	membrane	calcium	ATPases	and	

Na+/Ca2+-K+	exchangers	to	maintain	resting	internal	calcium	levels,	in	mammalian	

muscles	SERCA	pumps	being	the	primary	calcium	clearance	mechanism	into	the	

sarcoplasmic	reticulum	(85).	

	 The	single	C.	elegans	SERCA	gene,	encoded	by	sca-1,	was	recently	identified	in	

a	genetic	screen	looking	for	regulators	of	C.	elegans	ACR-16	NAChRs,	which	are	

homologous	to	vertebrate	α7	receptors	(56,	86).	Little	is	known	about	the	function	of	

SCA-1	in	C.	elegans,	or	its	potential	role	in	the	regulation	of	synaptic	transmission.	

To	gain	further	insights,	a	viable	hypomorphic	allele	of	sca-1	was	characterized.				

	
	
III.b	Materials	and	Methods	

	
Strains	and	Culturing	Conditions:	The	genotypes	of	nematode	strains	used	

in	this	study	are:	the	wild-type	Bristol	isolate	N2,	jaSi4[Pmyo-3::ACR-16::GFP]	

SY1407,	jaSi4;acr-16(ok789)	SY1422,	sca-1(tm5339),	jaSi4;	sca-1(tm5339);	acr-

16(ok789)	SY1615,	ACR-16::RFP(kr305),	sca-1(tm5339);ACR-16::RFP(kr305)	SY1641,	

jaSi4;acr-16(ok789);UNC-29::RFP	(kr208)	SY1568,	sca-1(tm5339);UNC-
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29::RFP(kr208)	SY1619,	oxIs22[Punc-47::UNC-47::GFP],	sca-1(tm5339);oxIs22	SY,	

unc-63(x37);sca-1(tm5339)	SY1626,	acr-16(ok789),	unc-63(x37),	unc-63(x37);acr-

16(ok789),	jaIs1103[Pacr-2::mCherry::RAB-3],	sca-1(tm5339);jaIs1103	SY1616,	

raIs5[Pmyo-3-3::GFP::MYO-3],	sca-1(tm5339);raIs5[pMYO-3::GFP::MYO-3]	SY1630,	,	

jaSi4;sca-1(tm5339);acr-16(ok789);jaEx1064[Pmyo-3::SCA-1::mCherry]	SY,	

zxIs1481[zxIs6{Punc17::chop-2(H134R)::yfp,lin-15(+)};Pmyo3::RCaMP35],	sca-

1(tm5339);zxIs1481	SY1627.	Animals	were	grown	at	15-20˚	C	on	OP50-seeded	NGM	

plates.	For	electrophysiological	recordings,	zxIs6	and	mutants	crossed	into	zxIs6	

were	cultured	in	the	dark	at	20°C	on	OP50-seeded	NGM	plates	supplemented	with	

all-trans	retinal	at	a	final	concentration	of	500uM.	

	

Cloning:	The	multisite	gateway	three-fragment	vector	construction	protocol	

(Invitrogen,	Carlsbad,	California,	United	States)	was	used	to	generate	the	sca-1	

expression	vector	jaEx1064[Pmyo-3::SCA-1::Mcherry::unc-54::3’UTR].	Primers 

5′GGGGACCACTTTGTACAAGAAAGCTGGGTGGTAACTTGTCGGGCGTGA	and	

5′GGGGACAAGTTTGTACAAAAAAGCAGGCTGGCGCCAGTGTGTGCCATATC	were	used	

to	amplify	the	coding	region	of	sca-1,	omitting	the	stop	codon,	from	adult	

hermaphrodite	genomic	DNA	using	Phusion	High-Fidelity	DNA	Polymerase	(NEB,	

Ipswich,	Massachusetts,	United	States).	The	PCR	product	was	then	cloned	into	

pDONR221.	A	2500bp	sequence	from	the	MYO-3	promoter	region	was	amplified	

using	primers	

5’GGGGACAACTTTGTATAGAAAAGTTGGGAGTGATTATAGTCTCTGTTTTC	and	

5’GGGGACTGCTTTTTTGTACAAACTTGGTTCTAGATGGATCTAGTGGTC,	again	from	
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adult	hermaphrodite	genomic	DNA	using	Phusion	High-Fidelity	DNA	Polymerase	

(NEB,	Ipswich,	Massachusetts,	United	States).	This	PCR	product	was	then	cloned	

into	pDONOR	P4-P1r.	The	pDONOR	P2R-P3	vector	including	Mcherry	and	an	UNC-

54::3’UTR	was	graciously	gifted	from	Marc	Hammarlund.	A	ligation	reaction	was	

then	performed	to	build	all	three	donor	vectors	into	the	final	gateway	destination	

vector,	pDEST	R4-R3	Vector	II,	producing	a	C-terminally	mCherry-tagged	SCA-1	

under	the	myo-3	promoter.	

	

Microscopy:	Fluorescence	images	were	obtained	using	an	Olympus	

FluoviewTM		FV10i	laser-scanning	confocal	microscope	with	a	60x	objective	(oil-

immersion)	or	a	FluoviewTM		laser-scanning	confocal	microscope	with	a	40x	

objective	(oil-immersion).		Worms	were	mounted	on	2%	agarose	pads	and	

immobilized	with	20mM	sodium	azide	(Sigma,	St.	Louis,	Missouri,	United	States)	in	

M9.	For	analysis	of	ACR-16::GFP,	ACR-16::RFP,	UNC-29::RFP,	MYO-3::GFP,		and	UNC-

47:GFP	expression,	maximum	intensity	Z-series	stacks	were	made	in	the	image	

analysis	program	ImageJ	(imagej.nih.gov/ij).	Fluorescence	levels	were	then	

measured	at	three	locations	along	the	length	of	the	ventral	nerve	cord,	anterior	to	

the	vulva,	using	a	rectangular	region	of	interest	10µm	in	length.		For	each	

measurement	along	the	nerve	cord,	a	corresponding	measurement	of	background	

fluorescence	level	was	taken.		The	background	fluorescence	level	was	then	

subtracted	from	the	nerve	cord	fluorescence	level	to	control	for	variations	in	

illumination	intensity.	For	analysis	of	synaptic	puncta,	maximum	intensity	Z-series	
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stacks	were	made	in	ImageJ	and	a	50µm	region	of	the	dorsal	nerve	cord	was	

cropped	out.	The	threshold	of	this	image	was	set	in	ImageJ	to	include	only	the	

synaptic	puncta	present.	The	puncta	analyzer	tool	in	ImageJ	was	used	to	determine	

the	number	of	puncta	found	per	50µm	of	nerve	cord.			

	

Behavioral	Analysis:	Behavioral	analysis	was	conducted	on	N2,	acr-

16(ok789),	unc-63(x37),	unc-63(x37);acr-16(ok789),	sca-1(tm5339),	and	unc-

63(x37);sca-1(tm5339).	Body	bend	assays	were	performed	on	worms	allowed	to	

acclimate	for	one	minute	on	unseeded	agar	plates.	The	number	of	full	body	bends	

completed	by	the	worm	in	one	minute	was	then	counted.	A	body	bend	is	counted	

when	the	head	of	the	worm	completes	a	full	sinusoid.  

 

Electrophysiology:	The	worm	dissection	and	electrophysiological	methods	

were	done	as	previously	described	(50,74).	Briefly,	animals	were	immobilized	with	

Histoacryl	Blue	glue,	and	a	lateral	cuticle	incision	was	made	with	a	borosillicate	

glass	needle,	exposing	the	ventral	medial	body	wall	muscles.	Body	wall	muscle	

recordings	were	done	in	the	whole-cell	voltage-clamp	configuration	(holding	

potential,	−60	mV)	using	an	EPC-10	patch-clamp	amplifier	and	digitized	at	1	kHz.	

The	1	mM	Ca2+	extracellular	solution	composed	of	150	mM	NaCl,	5	mM	KCl,	1mM	

CaCl2,	4	mM	MgCl2,	10	mM	glucose,	5	mM	sucrose,	and	15	mM	HEPES	(pH	7.3,	∼340	

mOsm).	The	patch	pipette	was	filled	with	120	mM	KCl,	20	mM	KOH,	4	mM	MgCl2,	5	

mM	(N-tris[Hydroxymethyl]	methyl-2-aminoethane-sulfonic	acid),	0.25	mM	CaCl2,	4	
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mM	Na2ATP,	36	mM	sucrose,	and	5	mM	EGTA	(pH	7.2,	∼315	mOsm).	Data	were	

acquired	using	Pulse	software	(HEKA,	Southboro,	Massachusetts,	United	States)	run	

on	a	Dell	computer.	Analysis	and	graphing	was	performed	using	Pulsefit	(HEKA),	

Mini	analysis	(Synaptosoft	Inc.,	Decatur,	Georgia,	United	States)	and	Igor	Pro	

(Wavemetrics,	Lake	Oswego,	Oregon,	United	States).	

	

Quantitative	RT-PCR:	Total	mRNA	was	isolated	from	10	worms	per	strain	

using	TRIzol	(Invitrogen,	Carlsbad,	California,	United	States)	extraction.	Purified	

mRNA	concentration	was	calibrated	and	reverse	transcription	was	done	using	the	

SuperScript	III	First-Strand	Synthesis	System	(Invitrogen,	Carlsbad,	California,	

United	States)	with	oligo(dT)	primers.	qRT-PCR	was	performed	using	fluorescent	

detection	and	quantification	of	SYBR	green-labeled	PCR	product	using	an	

MJResearch	Opticon2	real-time	thermocycler.	The	cycle	threshold	[C(t)]	value	for	

acr-16	was	normalized	to	that	of	an	actin	control	using	the	equation:	

ΔC(t)sample=C(t)acr-16−	C(t)act-1.	Normalized	C(t)	values	for	acr-16	samples	were	

then	referenced	to	the	wild	type	(calibrator)	to	determine	the	relative	amount	of	

acr-16	mRNA	using	the	equation:	ΔΔC(t)sample=ΔC(t)sample	−	ΔC(t)calibrator.	

Primers	for	RT-PCR	for	Acr-16	were:	5’-	CACGTAACCTCCTTCTCTATTGG	and	5’-	

GATCAATGATTCCGAGTGACGA.	Primers	for	RT-PCR	for	Act-1	were:	5’-	

GCTGGACGTGATCTTACTGATTACC	and	5’-	GTAGCAGAGCTTCTCCTTGATGTC	
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Calcium	Imaging:	To	prepare	worms	for	imaging,	zx1481	and	sca-

1(tm5339);zx1481	animals	were	glued	down	and	dissected	to	expose	the	muscles	in	

an	extracellular	solution	of	1mM	Ca2+	composed	of	150	mM	NaCl,	5	mM	KCl,	1	mM	

CaCl2,	4	mM	MgCl2,	10	mM	glucose,	5	mM	sucrose,	and	15	mM	HEPES	(pH	7.3,	∼340	

mOsm).	RCaMP	fluorescence	imaging	was	done	with	a	CMOS	PCO-EDGE	system	

(Cooke,	Leicester,	United	Kingdom)	mounted	onto	a	compound	microscope	

(Olympus	BX50WI;	Olympus,	Tokyo,	Japan)	using	a	60x	water	immersion	objective.	

RCamP	was	excited	at	a	peak	of	594nm	with	an	LED,	channel	rhodopsin	was	

activated	with	a	brief	pulse	(10ms)	with	an	LED	with	a	peak	emission	of	470nm.		

Both	diodes	were	coilluminated	and	transmitted	to	the	same	optical	path	through	a	

dichroic	beam	combiner.	Acquisition	was	done	using	µManager	software	(micro-

manager.org).	First,	a	baseline	level	of	fluorescence	was	obtained	over	10s.	After	

allowing	the	prep	to	rest	for	two	minutes,	a	train	of	ten,	10ms	blue	light	stimulations	

with	50ms	in	between	pulses	was	delivered.		The	animal	again	was	allowed	to	

recover	for	two	minutes	and	then	another	train	was	delivered.	Images	were	

analyzed	in	ImageJ	and	Igor	Pro	(Wavemetrics,	Lake	Oswego,	Oregon,	United	

States).	

	

Statistical	Analysis:	Graphed	data	were	plotted	as	mean	and	S.E.M,	and	

significance	was	assessed	using	either	the	Mann-Whitney	test	or	a	ONE-way	ANOVA	

with	a	Tukey	post	test	correction.	Statistically	significant	values	were	as	follows:	no	

significant	p>0.05,	*p≤0.05,	**p≤0.01,	***p≤0.001.	Sample	sizes	for	each	experiment	
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were	determined	using	a	type	two	error	rate	of	0.80	and	a	type	one	error	rate	of	

0.05.	
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III.c	Results	
	 	 	

III.c.1	SCA-1	is	a	SERCA	present	in	C.	elegans	

	 There	is	one	sarco(endo)plasmic	reticulum	Ca2+	ATPase	(SERCA)	homologue	

found	in	C.	elegans,	referred	to	as	sca-1.	This	homologue	is	thought	to	be	

differentially	spliced	at	the	C	terminal,	resulting	in	2	possible	isoforms.	The	

predicted	isoform	SER-1A	encodes	1059	amino	acids,	consisting	of	7	exons,	and	the	

predicted	isoform	SER-1B	encodes	1004	amino	acids	consisting	of	8	exons	(Fig.	

18A).	The	amino	acid	sequences	in	both	isoforms	have	approximately	70%	identity	

(80%	similarity)	with	human	SERCA1,	2,	and	3	proteins,	indicating	that	C.	elegans	

SCA-1	is	highly	conserved	(87,	88).			

	 A	previous	study	determined	that	SCA-1	is	expressed	in	C.	elegans.	

Specifically	a	transcriptional	fusion	of	the	promoter	region	of	sca-1	tagged	to	GFP	

(Psca-1::GFP)	demonstrated	that	sca-1	was	expressed	in	all	muscles	(body	wall	

muscle,	pharyngeal	muscle,	vulval	and	uterine	muscle,	and	sphincter	and	anal	

depression	muscles)	(Fig.	18B).	Psca-1::GFP	expression	was	also	observed	in	non-

muscle	tissue,	including	gonadal	sheath	cells,	somatic	spermatheca	and	uterine	

sheath	cells,	and	neurons	along	the	ventral	nerve	cord	and	excretory	cells.	sca-1	null	

mutants	arrest	at	the	L1	larval	stage	(87,	88).	Therefore,	a	hypomorphic	mutant	

strain,	sca-1(tm5339),		was	obtained	from	NBRP	which	has	a	205	base	pair	deletion	

in	the	intronic	region	between	exons	three	and	four	(Fig.	18A).	This	mutant	

hypomorph	produced	healthy,	viable	animals	with	no	obvious	phenotypes.	However	

since	acr-16	null	mutants	also	lack	apparent	locomotory	defects,	the	lack	of	

phenotype	in	sca-1	mutants	was	not	unexpected.		
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Figure	18.	Gene	structure	and	expression	pattern	of	sca-1.	A.	sca-1	is	predicted	

to	encode	two	isoforms	with	a	differential	splice	site	at	the	C-terminal.	The	exons	

are	depicted	as	boxes	and	the	introns	are	depicted	as	lines,	with	the	patterned	boxes	

representing	the	3’	UTR	region.	The	location	of	the	sca-1(tm5339)	mutation	is	

denoted	by	a	black	bar.	B.	Examples	of	expression	of	Psca-1::GFP		seen	in	pharynx	

(open	arrow	is	the	isthmus,	closed	arrow	is	the	terminal	bulb,	triangles	are	head	

muscles	and	arrow	heads	are	intestine),	and	body	wall	muscles	(arrowheads	are	

membranous	structures	and	arrows	are	dense	bodies).	Adapted	from	(88).	
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	 III.c.2	sca-1	causes	a	reduction	in	ACR-16	levels	

	 The	gene	locus	covering	sca-1	was	identified	through	whole	genome	

sequencing	on	isolated	mutants	defective	in	ACR-16::GFP	expression	at	the	NMJ.	To	

further	explore	the	possible	role	of	sca-1	in	ACR-16	regulation	a	single	copy	insert	of	

ACR-16::GFP	referred	to	as	jaSi4	(79)	was	crossed	into	sca-1(tm5339).	This	cross	

was	kept	in	an	acr-16	null	background	to	prevent	dilution	of	the	ACR-16::GFP	signal	

by	endogenous	untagged	ACR-16	receptors.	In	jaSi4;sca-1(tm5339);acr-16(ok789)	

mutants,	the	levels	of	ACR-16::GFP	expression	was	significantly	decreased	as	

compared	to	the	control,	jaSi4;acr-16(ok789)	(17.6±8.0	n=20	and	24.5±9.7	n=15,	

respectively)	(Fig.	19A,B).	This	suggests	that	SCA-1	is	involved	in	the	regulation	of	

ACR-16	receptors	at	the	NMJ.		

	 In	jaSi4	the	ACR-16::GFP	transgene	is	driven	under	the	muscle	specific	

promoter	Pmyo-3.	This	raises	the	possibility	that	the	observed	reduction	in	ACR-

16::GFP	expression	is	an	indirect	consequence	of	sca-1(tm5339)	misregulating	the	

myo-3	promoter.	To	examine	this	possibility	sca-1(tm5339)	was	crossed	into	a	

Pmyo-3::GFP::MYO-3	expressing	line,	referred	to	as	raIs5.		The	quantification	of	

MYO-3::GFP	levels	were	unaltered	in	the	sca-1(tm5339)	mutants	suggesting	that	

misregulation	of	the	myo-3	promoter	was	not	the	reason	for	the	ACR-16::GFP	

reduced	expression	(sca-1(tm5339):	18.6±2.2	n=11,	control:	16.0±5.0	n=10)	(Fig.	

22C,D).	A	second	line	of	evidence	supporting	this	conclusion	was	obtained	by	

crossing	sca-1(tm5339)	into	a	single	copy	ACR-16::RFP	line	expressed	under	its	own	

promoter.	ACR-16::RFP	was	generated	through	homologous	recombination.	In	the	

sca-1(tm5339)	mutant	background,	ACR-16::RFP	fluorescence	levels	were	
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significantly	decreased	as	compared	to	the	control	(sca-1(tm5339):	6.4±2.9	n=11,	

control:	11.0±4.4	n=19)	(Fig.	19C,D).	Together	these	data	suggest	that	the	sca-1	

mutation	affects	ACR-16	expression	at	the	NMJ.		
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Figure	19.	The	mutant	sca-1(tm5339)	causes	a	reduction	in	ACR-16	receptor	

levels	at	the	NMJ.	A.	Representative	image	of	ACR-16::GFP	fluorescence	in	the	sca-

1(tm5339)	mutant.	B.	Quantification	of	ACR-16::GFP	fluorescence	in	the	sca-

1(tm5339)	mutant	was	significantly	reduced	as	compared	to	the	control	(17.6±8.0	

n=20	and	24.5±9.7	n=15,	respectively).	C.	Representative	image	of	ACR-16::RFP	

fluorescence	in	the	sca-1(tm5339)	mutant.	D.	Quantification	of	ACR-16::RFP	in	the	

sca-1(tm5339)	mutant	was	significantly	reduced	(sca-1(tm5339):	6.4±2.9	n=11,	

control:	11.0±4.4	n=19).	
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III.c.3	Localization	and	levels	of	the	two	other	C.	elegans	NMJ	receptor	

types	are	unchanged	in	sca-1	mutants	

C.	elegans	NMJs	express	two	classes	of	cholinergic	receptors,	the	

homopentameric	nicotine-sensitive	ACR-16	receptors	and	the	heteropentameric	

levamisole-sensitive	LAChRs.	To	determine	if	sca-1	regulates	both	NAChRs	and	

LAChRs,	sca-1(tm5339)	mutants	were	crossed	into	a	line	expressing	RFP-tagged	

UNC-29,	one	of	the	LAChR	subunits.	There	was	no	significant	difference	in	levels	of	

UNC-29::RFP	fluorescence	as	compared	to	the	control	(sca-1(tm5339):	12.8±3.7	n=7,	

control:	13.1±4.0	n=11)	and	no	obvious	difference	in	localization	of	the	RFP	at	the	

NMJ	(Fig.	20A,B).		

	 C.	elegans	NMJs	also	expressed	inhibitory	GABA	receptors	composed	of	UNC-

49	subunits	(Bamber	et.	al,	1999).	In	order	to	determine	if	sca-1	affects	the	GABA	

receptor	expression,	fluorescence	levels	and	localization	of	a	GFP-tagged	UNC-49	

reporter	were	examined.	In	the	sca-1(tm5339)	mutant	background	there	was	no	

significant	difference	in	either	the	levels	or	localization	of	UNC-49::GFP	as	compared	

to	the	control	(sca-1(tm5339):	23.0±8.1	n=17,	control:	25.3±10.5	n=13)	(Fig.	20C,D).		

This	suggests	that	sca-1	specifically	regulates	ACR-16	receptors.	Furthermore	the	

normal	appearance	of	both	LAChRs	and	GABA	receptors	in	the	NMJs	indicates	that	

sca-1(tm5339)	mutants	do	not	impact	overall	post-synaptic	structure	and	

patterning.			
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Figure	20.	The	LAChR	and	GABA	receptor	levels	and	localization	are	

unchanged	in	a	sca-1	mutant.	A.	Representative	image	of	LAChR	reporter	UNC-

29::RFP	in	sca-1(tm5339)	mutants.	B.	Quantification	of	UNC-29::RFP	fluorescence	

levels	in	sca-1(tm5339)	mutants	demonstrated	no	significant	difference	as	

compared	to	the	control	(sca-1(tm5339):	12.8±3.7	n=7,	control:	13.1±4.0	n=11).	C.	

Representative	image	of	GABA	receptor	reporter	UNC-49::GFP	in	sca-1(tm5339)	

mutants.	D.	Quantification	of	UNC-49::GFP	in	sca-1(tm5339)	mutants	showed	no	

significant	difference	as	compared	to	the	control	(sca-1(tm5339):	23.0±8.1	n=17,	

control:	25.3±10.5	n=13).	
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III.c.4	Behavioral	analysis	of	sca-1	mutants	

Previously	published	studies	have	shown	that	acr-16	mutants	alone	have	no	

obvious	locomotory	defects,	but	in	the	presence	of	a	LAChR	mutant	background,	

there	is	a	significant	reduction	in	motility.	The	virtually	immobilized	phenotype	of	

the	ACR-16	and	LAChR	mutant	doubles	is	much	more	severe	than	the	characteristic	

uncoordinated,	loopy	phenotype	seen	in	LAChR	mutants	alone	(Touroutine	et.	al,	

2005).	Given	the	reduction	of	ACR-16	expression	in	sca-1(tm5339),	an	additive	

locomotory	phenotype	should	be	seen	in	a	sca-1(tm5339)	and	LAChR	double	

mutant.	To	evaluate	this	sca-1(tm5339)	and	LAChR	mutant	unc-63(x37)	double	

mutants	were	generated	and	a	body	bend	assay	was	performed.	As	predicted	there	

was	no	significant	difference	in	the	number	of	body	bends	in	sca-1(tm5339)	mutants	

alone	when	compared	to	the	acr-16(ok789)	null	mutant	or	to	the	corresponding	N2	

control	(sca-1(tm5339):	16.1±5.1	n=10,	acr-16(ok789):	16.2±4.5	n=10,	N2:	14.2±3.4	

n=10).	However,	the	unc-63(x37);sca-1(tm5339)	double	mutants	exhibited	a	

significant	decrease	in	the	number	of	body	bends	as	compared	to	the	unc-63(x37)	

mutant	alone	(unc-63(x37);sca-1(tm5339):	3.4±1.3	n=10,	unc-63(x37):	8±1.9	n=10).	

This	decrease	was	similar	to	the	unc-63;(x37);acr-16(ok789)	double	mutant	(2.9±2	

n=10),	suggesting	that	sca-1	mutants	have	functional	defects	consistent	with	loss	of	

ACR-16	receptors	at	the	NMJ.		
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Figure	21.		Similar	to	acr-16	mutants,	sca-1	worsens	the	motility	deficits	of	

LAChR	mutants.	sca-1	mutants	alone	do	not	demonstrate	any	change	in	the	number	

of	body	bends	as	compared	to	wild-type	(N2)	or	the	acr-16	mutant	(sca-1(tm5339):	

16.1±5.1	n=10,	acr-16(ok789):	16.2±4.5	n=10,	N2:	14.2±3.4	n=10.	LAChR	(unc-

63(x37))	and	sca-1(tm5339)	double	mutants	have	a	significantly	reduced	number	of	

body	bends,	as	compared	to	the	already	uncoordinated	unc-63(x37)	control	(unc-

63(x37);sca-1(tm5339):	3.4±1.3	n=10,	unc-63(x37):	8±1.9	n=10).	This	reduction	is	

similar	to	the	reduction	seen	in	the	acr-16;unc-63(x37)	double	mutant	(2.9±2	n=10).		
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III.c.5	Synapse	abundance	and	muscle	integrity	appear	unaltered	in	sca-

1	mutants	

	 It	is	possible	that	the	functional	defects	of	sca-1	mutants	on	ACR-16	receptor	

levels	and	behavioral	motility	are	due	to	defects	in	the	number	of	cholinergic	

synapses.		To	address	this	possibility	sca-1(tm5339)	was	crossed	into	a	reporter	

strain	expressing	a	mCherry-tagged	cholinergic	vesicle	marker,	RAB-3,	under	the	

cholinergic	neuron	specific	promoter	Pacr-2.	In	the	sca-1(tm5339)	mutant	

background	there	was	no	significant	difference	in	the	number	of	RAB-3::mCherry	

puncta	as	compared	to	the	control	(sca-1(tm5339):	15.9±4.4	n=10,	control:	17.0±4.0	

n=9).	This	suggests	that	the	change	in	ACR-16::GFP	fluorescence	intensity	and	the	

behavioral	phenotypes	seen	in	the	sca-1	mutant	are	not	due	to	a	synaptogenesis	or	

presynaptic	maintenance	defect.		

Muscle	structure	was	also	examined	in	the	sca-1(tm5339)	mutants	

expressing	GFP	tagged	MYO-3	under	the	MYO-3	promoter.	This	allowed	for	the	

evaluation	of	both	levels	of	MYO-3	expression	and	organization	of	the	protein	in	the	

body	wall	muscle	structure.	As	previously	indicated	levels	of	MYO-3::GFP	were	

unchanged	as	compared	to	the	control	(sca-1(tm5339):	18.6±2.2	n=11,	control:	

16.0±5.0	n=10).	This	suggests	that	there	is	no	change	in	the	level	of	MYO-3	

expression	in	the	body	wall	muscles.	There	were	also	no	apparent	differences	in	the	

body	wall	muscle	organization	or	myosin	localization.		
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Figure	22.	ACR-16	deficits	in	sca-1	mutants	are	not	due	to	a	mispatterning	of	

the	NMJ.	A.	Representative	image	of	cholinergic	vesicular	marker	RAB-3::mCherry	

in	sca-1(tm5339)	mutants.	B.	Quantification	of	number	of	synaptic	puncta	in	sca-

1(tm5339)	mutants	showed	no	significant	difference	as	compared	to	control	(sca-

1(tm5339):	15.9±4.4	n=10,	control:	17.0±4.0	n=9).	C.	Representative	images	of	

myosin	reporter	MYO-3::GFP	in	body	wall	muscles	in	sca-1(tm5339)	mutants.	D.	

Quantification	of	MYO-3::GFP	in	sca-1(tm5339)	mutants	was	not	significantly	

different	as	compared	to	the	control	(sca-1(tm5339):	18.6±2.2	n=11,	control:	

16.0±5.0	n=10).		
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III.c.6	A	mutation	in	sca-1	does	not	affect	levels	of	acr-16	mRNA	

The	reduction	in	ACR-16::GFP	fluorescence	could	be	the	result	of	altered	

transcription	through	a	sca-1	mediated	mechanism.	To	evaluate	the	level	of	acr-16	

transcript	total	mRNA	was	isolated	from	both	sca-1(tm5339)	and	the	control,	

reverse		transcribed	and	then	measured	using	quantitative	Real	Time-PCR	(qRT-

PCR),	using	actin	transcript	levels	as	an	internal	control	for	samples.		When	the	

relative	levels	of	acr-16	mRNA	in	the	jaSi4;sca-1(tm5339)acr-16(ok789)	mutant	

background	were	compared	to	a	normalized	control	there	was	no	significant	

difference	in	the	amount	of	mRNA	present	(sca-1(tm5339):	1.3±0.4	n=5,	control:	

1±0	n=5)	(Fig.	23).	This	suggests	that	sca-1	does	not	regulate	the	transcription	of	

acr-16.	
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Figure	23.	sca-1	mutants	do	not	affect	transcription	of	acr-16.	Relative	levels	of	

acr-16	mRNA	were	unchanged	in	a	sca-1(tm5339)	mutants		(sca-1(tm5339):	1.3±0.4	

n=5,	control:	1±0	n=5).	
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III.c.7	sca-1	mutants	have	a	significant	reduction	in	evoked	response	

amplitude	

The	observed	reduction	in	ACR-16:GFP	expression	in	sca-1(tm5339)	at	the	

NMJ	should	impact	postsynaptic		responses	to	endogenous	ACh	release.	To	test	this	

prediction	whole	cell	patch	clamp	recordings	of	evoked	NMJ	responses	were	

obtained	in	1mM	Ca2+	from	dissected	worms.	Initially	the	evoked	current	

amplitudes	were	recorded	from	jaSi4;sca-1(tm5339);acr-16(ok789)	mutants	and	

were	found	to	be	significantly	decreased	as	compared	to	the	jaSi4;acr-16(ok789)	

control	(jaSi4;sca-1(tm5339);acr-16(ok789):	512.2±361.6	n=6,	jaSi4;acr-16(ok789):	

1919.3±753.3	n=6)	(Fig.	24A,B).	To	ensure	this	result	could	be	recapitulated	with	

endogenous	untagged	ACR-16	receptors,	currents	were	then	recorded	from	sca-

1(tm5339)	mutants	alone.	Again	there	was	a	significant	decrease	in	evoked	response	

amplitudes	as	compared	to	the	wild-type	control	N2	(sca-1(tm5339):	1319±503.1	

n=12,	N2:	1875.1±420.4	n=15)	(Fig.	24C,D).		These	data	agree	with	the	reduced	

levels	of	fluorescence	of	ACR-16::GFP	receptors	at	NMJs.	
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Figure	24.	Evoked	response	amplitudes	are	decreased	in	sca-1	mutants.	A.	

Representative	traces	of	postsynaptic	evoked	current	amplitudes	in	jaSi4;sca-

1(tm5339);acr-16	mutants.	B.	Quantification	of	evoked	current	amplitudes	

demonstrated	a	significant	reduction	in	sca-1	mutants	as	compared	to	the	control		

(jaSi4;sca-1(tm5339);acr-16(ok789):	512.2±361.6	n=6,	jaSi4;acr-16(ok789):	

1919.3±753.3	n=6).	C.	Representative	traces	of	postsynaptic	evoked	current	

amplitudes	in	sca-1(tm5339)	mutants.	D.	Quantification	of	evoked	current	

amplitudes	demonstrated	a	significant	reduction	in	current	amplitudes	in	sca-1	

mutants.	
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The	reduction	in	evoked	postsynaptic	response	amplitude	could	be	due	to	a	

decrease	in	overall	receptor	levels	or	reflect	dispersal	of	functional	receptors	away	

from	the	NMJ.	To	differentiate	between	these	two	possibilities,	exogenous	nicotine	

was	pressure-ejected	onto	dissected	animals	that	were	whole	cell	patch	clamped.	

Nicotine	is	a	specific	agonist	of	the	ACR-16	receptors	in	C.	elegans,	thus	the	response	

amplitudes	elicited	by	pressure-ejection	reflect	ACR-16	receptor-mediated	currents.	

In	the	jaSi4;sca-1(tm5339);acr-16(ok789)	mutant	background	there	was	no	

significant	change	in	pressure-ejected	nicotine	response	amplitude	as	compared	to	

the	jaSi4;acr-16(ok789)	control	(sca-1(tm5339):	2007.2±318.1	n=6,	jaSi4;acr-

16(ok789):	2068.6±248.5	n=7)	(Fig.	25A,b).	Similar	results	were	observed	when	

nicotine	was	applied	to	sca-1(tm5339)	alone	when	compared	to	wild-type	(N2)	(sca-

1(tm5339):	1420.3±101.8	n=4	,	N2:1149.5±166.9	N=4)	(Fig.	25C,D).		This	suggests	

that	while	the	overall	number	of	ACR-16	receptors	at	the	NMJ	is	unchanged,	the	

receptors	present	are	declustered	from	the	synapse.		
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Figure	25.	Pressure-ejected	nicotine	responses	are	unchanged	in	the	sca-1	

mutant.	A.	Representative	traces	of	nicotine	pressure-ejection	response	amplitudes	

in	jaSi4;sca-1;acr-16	mutants.	B.	Quantification	of	pressure-ejected	nicotine	

amplitudes	demonstrated	no	difference	in	the	jaSi4;sca-1;acr-16	mutants	as	

compared	to	the	control	(sca-1(tm5339):	2007.2±318.1	n=6,	jaSi4;acr-16(ok789):	

2068.6±248.5	n=7).	C.	Representative	traces	of	nicotine	pressure-ejected	response	

amplitudes	in	sca-1	mutants.	D.	Quantification	of	nicotine	pressure-ejected	response	

amplitudes	showed	no	significant	difference	between	sca-1	mutants	and	the	control	

(sca-1(tm5339):	1420.3±101.8	n=4	,	N2:1149.5±166.9	N=4).	
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III.c.8	Expression	of	Pmyo-3::SCA-1::mCherry	in	sca-1	mutants	rescues	

ACR-16::GFP	reduction	

	 To	determine	if	the	defects	seen	in	ACR-16	function	in	sca-1(tm5339)	

hypomorph	mutants	is	specifically	due	to	loss	of	SCA-1	in	body	wall	muscles,	an	

extrachromosomally	expressed	mCherry	tagged	genomic	sca-1	transgene	was	

expressed	under	the	body	wall	muscle	specific	promoter	Pmyo-3,	in	sca-1	mutants	

(Fig.	26A).	The	Pmyo-3::SCA-1::Mcherry	significantly	rescued	the	reduction	in	ACR-

16::GFP,	however	not	to	wild	type	levels	(jaSi4;sca-1(tm5339);acr-16(ok789):	

21.1±7.5	n=19,	jaSi4;sca-1(tm5339);acr-16(ok789);jaEx1064:	25.8±6.8	n=11,	

jaSi4;acr-16(ok789):	28.7±6.1	n=21)	(Fig.	26B,C).	This	partial	rescue	could	be	the	

result	of	the	mosaic	expression	of			SCA-1	as	this	construct	was	an	

extrachromosomal	array.		To	address	this	possibility	regions	of	the	nerve	cord	

juxtaposed	to	muscle	cells	with	and	without	the	Pmyo-3::SCA-1::Mcherry	transgene	

expression	were	separately	analyzed	from	the	same	worms.	ACR-16::GFP	

expression	at	NMJs	in	muscle	cells	expressing	SCA-1	was	significantly	increased	

over	regions	without	SCA-1	expression,	and	showed	a	significant	increase	over	the	

control	expression	levels	(+SCA-1	muscle:	37.2±13.9,	n=8	-SCA-1	muscle:	24.2±5.8	

n=8,	jaSi4;acr-16(ok789):	28.7±6.1	n=21)	(Fig.	26D).	The	ability	of	the	sca-1	

transgene	to	rescue	the	ACR-16	clustering	defect	indicates	that	the	reduction	in	

ACR-16::GFP	is	due	to	the	sca-1	gene	knockdown	and	not	a	background	mutation.	

Furthermore	the	enhanced	ACR-16::GFP	expression	in	muscle	NMJs	enriched	for	

SCA-1	is	consistent	with	a	cell	autonomous	dose-dependent	regulation	of	ACR-16	

receptor	localization.	
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Figure	26.	Rescue	of	ACR-16::GFP	expression	by	Pmyo-3::SCA-1::mCherry	is	cell	

autonomous	and	dose	dependent.	A.	Representative	image	of	Pmyo-3;;SCA-

1::mCherry	expression	in	body	wall	muscles.	B.	Representative	images	of	ACR-

16::GFP	in	sca-1	mutant	worms	with	and	without	the	Pmyo-3::SCA-1::Mcherry	rescue	

construct.	C.	Quantification	of	ACR-16::GFP	fluorescence	in	sca-1;Pmyo-3::SCA-

1::Mcherry	expressing	animals	showed	a	rescue	of	fluorescence	levels	as	compared	

to	the	sca-1	mutants	alone	(jaSi4;sca-1(tm5339);acr-16(ok789):	21.1±7.5	n=19,	

jaSi4;sca-1(tm5339);acr-16(ok789);jaEx1064:	25.8±6.8	n=11,	jaSi4;acr-16(ok789):	

28.7±6.1	n=21).	D.	Quantification	of	ACR-16::GFP	fluorescence	at	the	NMJ	with	

muscles	cells	expressing	SCA-1::mCherry	(+SCA-1	muscle)	showed	a	significant	

increase	in	fluorescence	as	compared	to	both	sca-1	mutants	and	the	jaSi4;acr-16	

control.	This	increase	was	not	seen	in	regions	of	the	NMJ	without	muscles	

expressing	SCA-1::mCherry	(-SCA-1	muscle)	(+SCA-1	muscle:	37.2±13.9,	n=8	-SCA-1	

muscle:	24.2±5.8	n=8,	jaSi4;acr-16(ok789):	28.7±6.1	n=21).	
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III.d	Discussion	and	Future	Directions	

	 This	study	presents	evidence	implicating	the	C.	elegans	SERCA	protein,	SCA-1	

in	the	regulation	of	NAChR	of	the	alpha	7	family.	Specifically	sca-1	mutants	exhibit	a	

significant	reduction	in	ACR-16::GFP	clustering	at	the	NMJ	while	the	two	other	

cysteine	loop	ionotropic	receptors	present	were	unaffected.	Consistent	with	a	

specific	targeting	of	a	receptor	class,	neither	synaptic	density	nor	muscle	

architecture	were	altered	in	the	sca-1	hypomorph.	Therefore	the	sca-1	phenotype	is	

unlikely	to	be	due	to	a	developmental	defect.	Electrophysiological	analysis	showed	a	

significant	reduction	in	evoked	cholinergic	response	amplitudes,	which	accounts	for	

the	locomotory	defect	uncovered	in	the	sca-1;LAChR	double	mutant.	Rescue	of	the	

sca-1	mutant	phenotype	using	a	muscle	specific	MYO-3	promoter	indicates	that	the	

change	in	ACR-16	regulation	is	a	cell	autonomous	muscle	specific	function	of	sca-1.		

	 There	are	many	possible	mechanisms	through	which	calcium	may	be	

regulating	the	synaptic	localization	of	the	ACR-16	receptors.	One	possibility	is	

through	transcriptional	regulation	of	the	acr-16	gene.	There	is	evidence	of	activity	

dependent	calcium	mediated	gene	transcription	of	vertebrate	nAChRs.		For	example,	

in	chicken	myotubes	increases	in	cytosolic	calcium	led	to	a	decrease	in	the	number	

of	surface	nAChRs	as	well	as	a	decrease	in	nAChR	mRNA	levels.	This	inhibition	was	

mediated	through	protein	kinase	C	signaling	(89,	90).	In	rat	myotubes	nAChR	RNA	

levels	were	also	observed	to	decrease	when	cytosolic	calcium	levels	were	increased,	

and	this	decrease	was	regulated	through	the	calcium/calmodulin-dependent	protein	

kinase	II	(CaMKII)	(91,	92).	However,	when	relative	levels	of	acr-16	mRNA	in	the	

sca-1	mutant	background	were	examined	there	was	no	significant	change	from	the	
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control	consistent	with	normal	nicotine-induced	ACR-16	currents	in	C.	elegans	

muscles.	This	evidence	suggests	that	if	calcium	regulation	of	transcription	is	

involved	in	the	sca-1	mutant	phenotype,	it	must	be	acting	downstream	of	acr-16	

transcription.		

	 In	vertebrates	there	is	a	large	family	of	CAMKs	that	play	various	roles	in	

CREB	mediated	signal	transduction.	A	similar,	although	simpler,	pathway	has	been	

shown	to	function	in	C.	elegans.		CKK-1,	the	CaMKK	homologue,	phosphorylates	

CMK-1,	the	CaMKI/IV	homologue.		CMK-1	acts	as	both	the	cytonuclear	transporter	

and	the	kinase	that	phosphorylates	CRH-1,	a	CREB	homologue,	which	activates	gene	

transcription	(93).	Whether	this	pathway	impacts	ACR-16	clustering	at	the	NMJ	

remains	to	be	evaluated.		

The	next	possible	mechanism	is	through	regulation	of	ACR-16	protein	levels	

at	the	neuromuscular	junction.	It	is	possible	that	the	ACR-16	receptors	are	

declustered	and	thus	no	long	directly	opposed	to	areas	of	neurotransmitter	release.	

Postsynaptic	responses	elicited	using	pressure-ejected	nicotine	showed	no	

significant	changes	in	amplitude	in	the	sca-1(tm5339)	mutants	as	compared	to	the	

control.	This	indicates	that	the	overall	number	of	ACR-16	receptors	at	the	NMJ	is	

unchanged;	however	the	receptors	are	no	longer	properly	clustered	at	the	synapse.		

	 Regulation	of	ACR-16	receptors	by	sca-1	is	most	likely	mediated	through	a	

calcium	homeostasis-dependent	pathway.	Identification	of	proteins	involved	in	this	

mechanism	will	be	essential	in	understanding	modulation	of	ACR-16	receptors	by	

internal	calcium	levels.	A	potential	candidate	in	this	process	is	the	calcium-activated	

serine-threonine	phosphatase,	calcineurin.	Previous	work	has	shown	that	C.	elegans	
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has	a	single	homologue	of	the	vertebrate	calcineurin	A,	referred	to	as	TAX-6.		This	

protein	has	a	catalytic	domain	and	a	regulatory	domain.	The	regulatory	domain	

contains	a	calcineurin	B	subunit	binding	site,	a	calmodulin	binding	site,	and	an	

autoinhibitory	binding	site.	When	both	the	B	subunit	and	calcium/calmodulin	bind	

to	the	TAX-6	regulatory	domain,	there	is	an	increase	in	its	phosphatase	activity,	due	

to	loss	of	autoinhibition	(94).		TAX-6	is	expressed	in	C.	elegans	muscle	cells	and	has	

been	shown	to	directly	associate	with	NAChR	through	tandem	affinity	purification	

experiments	(94,	95).		The	activity	of	TAX-6	is	regulated	by	calcium/calmodulin	

binding	in	several	calcium	signaling	pathways.	In	particular	calcineurins	directly	

modulate	calcium	release	through	the	regulation	of	IP3	receptors,	ryanodine	

receptors,	and	calcium	pumps	to	help	maintain	internal	calcium	levels	(96).	Analysis	

of	tax-6	mutants	in	C.	elegans	suggests	it	is	a	negative	regulator	of	olfactory	

adaption.	When	TAX-6	is	activated	by	calcium,	it	blocks	the	continued	activation	of	

the	calcium	permeable	channels	found	in	the	sensory	neurons	(94).	It	has	also	been	

observed	that	tax-6	mutants	are	hypersensitive	to	nicotine	application,	implying	

that	normally	tax-6	inhibits	either	the	number	or	activation	of	NAChRs,	or	the	

affects	of	NAChRs	on	downstream	targets	(95).	It	is	possible	that	in	the	sca-1	

mutants,	altered	levels	of	cytoplasmic	calcium	may	increase	or	decrease	TAX-6,	

activity,	changing	the	phosphorylation	state	of	ACR-16	receptors	or	their	regulators.	

To	evaluate	possible	changes	in	intracellular	calcium	levels	in	sca-1(tm5339)	

mutants,	extrachromosomally	expressed	RCaMP	fluorescence	in	body	wall	muscles	

was	measured.	In	preliminary	experiments,	the	levels	of	RCaMP	fluorescence	

appeared	to	be	enhanced	(data	not	shown).	Neuronal	activation	was	induced	
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through	an	integrated	channel	rhodopsin	driven	under	the	neuronal	promoter	Punc-

17	in	the	RCamP	line.	Preliminary	analysis	of	these	data	demonstrated	a	slight	trend	

towards	an	increased	tau	for	the	recovery	time	constant	following	depolarization	

induced	calcium	spikes	in	sca-(tm5339)	mutants,	however	this	was	not	significant	

(sca-1(tm5339):	4.1±1.1	n=7,	control:	3.7±1.0	n=11).		However,	because	the	RCamp	

line	was	not	integrated	the	variable	levels	of	RCaMP	expression	between	muscle	

cells	was	observed.	The	RCaMP	mosaicism	made	it	difficult	to	accurately	measure	

changes	in	calcium	or	calibrate	the	system.	While	these	results	demonstrate	the	

feasibility	of	this	experiment,	the	analysis	of	calcium	dynamics	in	the	sca-1	mutant	

will	be	pursued	in	an	integrated	RCaMP	line	that	has	been	ordered.	Future	

experiments	will	also	focus	on	examining	ACR-16	receptor	expression	and	function	

in	a	tax-6	mutant	background	and	continued	characterization	of	this	calcium-

regulated	pathway.	
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IV.	C.	elegans	VAB-1	and	F59D12.1	regulate	nicotinic	acetylcholine	receptor	

ACR-16	expression	

	 IV.a	Introduction	

To	identify	possible	regulators	of	nAChRs,	a	forward	genetic	screen	was	

performed	in	C.	elegans	targeting	modifiers	of	the	α7	nAChR	homologue	ACR-16.	

From	this	screen	two	genes	were	identified:	vab-1,	which	encodes	a	protein	

homologue	of	the	vertebrate	ephrin	tyrosine	kinase	receptor	(Eph)	and	f59d12.1,	

which	shares	homology	with	the	rhodopsin	G-protein	coupled	receptor	(GPCR)	

cholecystokinin	type	B	(CCK-5/CCK2R).		

The	model	organism	C.	elegans	contains	only	a	single	Eph	receptor,	vab-1,	

and	four	ephrin	ligands,	efn1-4	(97,	98).	In	vertebrates	there	are	two	classes	of	Eph	

receptors,	EphA	and	EphB.	Both	of	these	receptor	classes	have	a	multidomain	

extracellular	region	where	the	ephrin	ligands	bind,	one	transmembrane	segment,	

and	an	intracellular	kinase	domain.	There	are	also	two	classes	of	ephrin	ligands	in	

vertebrates,	ephrin	A	and	ephrin	B.	Ephrin	A	ligands	are	characterized	by	attaching	

to	the	cell	surface	through	a	glycosylphosphatidylinositol	(GPI)	anchor	and	ephrin	B	

ligands	are	characterized	by	a	transmemebrane	region.		What	is	unique	about	Eph	

receptors	as	tyrosine	kinases	is	they	tend	to	associate	with	surface	expressed	

ligands,	allowing	for	both	forward	and	reverse	signaling	cascades	that	can	affect	

both	the	cells	expressing	the	Eph	receptor	and	the	cells	containing	the	ligand	(99).		

Another	gene	that	was	identified	through	the	ACR-16	regulator	screen	was	

the	rhodopsin	G-protein	coupled	receptor	(GPCR)	cholecystokinin	type	B	(CCK-

B/CCK2R)	vertebrate	homologue	f59d12.1.	CCK2R	receptors	are	reported	to	be	
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expressed	in	the	mammalian	brain	in	high	levels.		The	CCK2R	gene	encodes	a	

protein	with	seven	transmembrane	domains	and	structural	features	similar	to	

GPCRs	in	the	rhodopsin	family.	CCK2Rs	are	activated	through	the	cholecystokinin	

ligands	CCK-8	and	CCK-4.	Ligand	activation	of	the	CCK2Rs	has	been	demonstrated	to	

cause	an	increase	in	cytosolic	calcium,	potentially	from	intracellular	sources	

through	the	activation	of	the	phospholipase	C	(PLC)	and	protein	kinase	C	(PKC)	

pathway	(100).		Studies	have	shown	that	CCK2R	activation	in	hippocampal	slices	

obtained	from	rats,	increased	NMDA	receptor	mediated	currents	in	a	PLC	and	PKC	

dependent	manner	(101),	separately	previously	published	results	have	shown	that	

activation	of	the	CCK2R	causes	an	increase	in	GABA	release	in	GABAerigic	

interneurons	through	the	inhibition	of	calcium	activated	potassium	currents	(102).		

Using	the	poorly	characterized	C.	elegans	homologue	f59d12.1,	a	better	

understanding	of	these	GPCRs	ability	to	regulate	calcium-mediated	current	can	be	

achieved.	

Preliminary	experiments	have	determined	that	both	vab-1	and	f59d12.1	are	

involved	in	the	regulation	of	ACR-16	function,	although	most	likely	through	unique	

mechanisms.	Further	examination	of	these	proteins’	role	in	the	modulation	of	ACR-

16	will	be	necessary	to	tease	out	the	pathways	at	work.	Future	directions	for	these	

experiments	will	be	addressed	in	the	discussion.		
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IV.b	Materials	and	Methods	

	 Strains	and	Culturing	Conditions:	The	genotypes	of	nematode	strains	used	

in	this	study	are:	the	wild-type	Bristol	isolate	N2,	acr-16(ok789),	unc-63(x37),	unc-

63(x37);acr-16(ok789),	jaSi4[pMYO-3::ACR-16::GFP]	SY1407,	jaSi4;acr-16(ok789)	

SY1422,	unc-63(x37);jaSi4;acr-16(ok789)	SY1423,	vab-1(ok1699),	vab-1(e2027),	vab-

1(ju8),	jaSi4;vab-1(ok1699);acr-16(ok789)	SY1597,	jaSi4;vab-1(e2027);acr-

16(ok789)	SY1604,	jaSi4;vab-1(ju8);acr-16(ok789)	SY1609,	f59d12.1(gk1000),	

jaSi4;acr-16(ok789);f59d12.1(gk1000)	SY1620,	jaIs1103[Pacr-2::mCherry::RAB-3],	

UNC-29::RFP(kr208),	vab-1(e2027);UNC-29::RFP(kr208)	SY1608,	vab-

1(e2027);jaIs1103	SY1606,	vab-1(ju8);jaIs1103	SY	1607,	raIs5[Pmyo-3-3::GFP::MYO-

3],	vab-1(ok1699);raIs5	SY1632,	unc-63(x37);jaSi4;vab-1(ok1699);acr-16(ok789)	SY,	

unc-63(x37);jaSi4;acr-16(ok789);f59d12.1(gk1000)	SY,	f59d12.1(gk1000);UNC-

29::RFP(kr208)	SY,	f59d12.1(gk1000);raIs5	SY1633,	f59d12.1(gk1000);jaIs1103	

SY1628,	ACR-16::RFP(kr305),		f59d12.1(gk1000);ACR-16::RFP(kr305)	SY1639,	vab-

1(ok1699);ACR-16::RFP(kr305)	SY1646.	Animals	were	grown	at	15-20˚	C	on	OP50-

seeded	NGM	plates.	

	

Microscopy:	Fluorescence	images	were	obtained	as	described	in	Chapter	III.		

	

Behavior	Analysis:	Behavioral	analysis	was	conducted	on	jaSi4;acr-

16(ok789),	unc-63(x37);jaSi4;acr-16(ok789),	jaSi4;acr-16(ok789);f59d12.1(gk1000),	

jaSi4;vab-1(ok1699);acr-16(ok789),	unc-63(x37);jaSi4;acr-
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16(ok789);f59d12.1(gk1000),	unc-63(x37);jaSi4;vab-1(ok1699);acr-16(ok789).	

Thrashing	motility	for	worms	placed	in	M9	buffer	was	measured	per	minute	for	

three	minutes	total.	Body	bend	assays	were	done	on	worms	allowed	to	acclimate	for	

one	minute	on	unseeded	agar	plates.	The	number	of	full	body	bends	completed	by	

the	worm	in	one	minute	was	then	counted	as	described	in	Chapter	III.  

	

Electrophysiology:	The	dissection	and	electrophysiological	methods	were	

as	previously	described	(Chapter	III,	Richmond,	1999,	2005).	

	

Quantitative	RT-PCR:		As	described	in	Chapter	III.	

	

Statistical	Analysis:	Graphed	data	were	plotted	as	mean	and	S.E.M,	and	

significance	was	calculated	using	either	the	Mann-Whitney	test	or	a	ONE-way	

ANOVA	with	a	Tukey	post	test	correction.	Statistically	significant	values	were	as	

follows:	not	significant	p>0.05,	*p≤0.05,	**p≤0.01,	***p≤0.001.	Sample	sizes	for	each	

experiment	were	determined	using	a	type	two	error	rate	of	0.80	and	a	type	one	

error	rate	of	0.05.	
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IV.c	Results	

IV.c.1	C.	elegans	VAB-1	is	an	ephrin	RTK	and	F59D12.1	is	a	GPCR-like	

protein	

	 There	is	a	single	ephrin	receptor	tyrosine	kinase	homolog	in	C.	elegans,	vab-1.	

This	gene	was	originally	identified	in	a	screen	performed	to	look	for	novel	C.	elegans	

mutants,	and	was	isolated	based	on	variable	abnormalities,	including	a	notched	

head	and	tail	abnormalities	(46).	The	vab-1	gene	produces	a	4kb	transcript	of	

approximately	1120	amino	acids,	and	has	equal	sequence	similarity	to	both	the	

vertebrate	EphA	and	EphB	receptors.	The	C.	elegans	VAB-1	protein	contains	an	

extracellular	domain	that	has	a	N-terminal	globular	domain,	a	cysteine	rich	domain,	

and	two	fibronection	type	III	repeats	(Fig.	25A).	The	domain	with	the	most	

similarity	to	human	ephrin	receptors	is	the	intracellular	tyrosine	kinase	catalytic	

domain.		Previous	work	has	demonstrated	that	mutations	in	various	domains	of	the	

vab-1	gene	can	have	different	effects	on	the	mutant	phenotypes	produced.	Strong	

phenotypes	are	seen	when	the	extracellular	domain	components	are	affected	and	

weak	phenotypes	occur	when	there	is	a	mutation	in	the	kinase	domain.	A	previous	

study	demonstrated	the	expression	pattern	of	VAB-1	using	a	VAB-1::GFP	

translational	fusion	construct	driven	by	endogenous	VAB-1	promoter.	VAB-1	

expression	is	seen	throughout	development	in	neuroblasts	and	epidermal	

precursors.	In	adult	worms	expression	is	seen	in	neurons	and	axons	suggesting	a	

role	in	neuronal	and	epidermal	morphogenesis	(97)	(Fig.	25B).		

		 In	order	to	study	the	possible	role	of	VAB-1	in	ACR-16	function,	three	mutant	

alleles	of	vab-1	were	obtained	from	the	CGC	for	preliminary	characterization.	The	
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allele	vab-1(ok1699)	has	no	noticeable	phenotypes	and	contains	a	1016	base	pair	

deletion,	eliminating	the	fifth	coding	exon	(Fig.	27A).	The	allele	vab-1	(e2027)	has	a	

more	penetrant	notched	head	phenotype	and	over	half	of	embryos	arrest.	It	

contains	a	74	base	pair	deletion	removing	the	first	seven	base	pairs	of	the	fifth	exon	

(Fig.	27A).	This	exon	contains	the	sequences	that	encode	domains	of	the	

extracellular	domain.	The	final	allele	was	vab-1(ju8),	which	also	has	a	penetrant	

notched	head	phenotype	and	over	half	of	the	embryos	arrest.	This	allele	contains	a	

single	G	to	A	base	pair	change,	causing	an	amino	acid	in	the	N-terminal	globular	

domain	(Fig.	27A).		

In	contrast	to	vab-1,	little	is	know	about	the	C.	elegans	gene	f59d12.1.	It	is	

predicted	to	have	seven	trans-membrane	domains,	similar	to	a	member	of	the	

Rhodopsin	family	of	G-protein	coupled	receptors	(SMART,	ExPaSy)	(Fig.	27C).	The	

closest	human	ortholog	is	an	isoform	of	the	Gastrin/cholecytokinin	type	B	receptor	

(CCKR),	which	is	expressed	in	the	brain	and	central	nervous	system	of	mammals	

(103).	To	further	study	the	role	of	f59d12.1	in	ACR-16	regulation,	a	mutant	allele	

was	obtained	from	the	CGC.	The	allele	f59d12.1(gk1000)	contains	a	198	base	pair	

deletion	which	removes	approximately	half	of	the	fourth	exon	and	most	of	the	fifth	

exon	(Fig.	27C).		
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Figure	27.	Gene	structure	and	expression	of	vab-1	and	f59d12.1.	A.	Schematic	of	

vab-1	exons	and	introns	as	well	as	predicted	protein	domains.	SS	is	signal	sequence	

and	TM	is	transmembrane	domain.	The	location	of	the	mutant	alleles	ok1699	and	

e2027	are	denoted	by	black	bars,	and	the	location	of	ju8	is	noted	in	the	protein	

domain	structure.	Adapted	from	(97).	B.	Example	of	VAB-1::GFP	expression	in	a	L1	

animal	with	GFP	present	in	the	nerve	ring	and	ventral	nerve	cord.	Adapted	from	(97).	

C.	Schematic	of	f59d12.1	exons	and	introns	as	well	as	the	predicted	seven	

transmembrane	domains	and	predicted	rhodopsin	GPCR	like	protein	domain	

(SMART,	ExPaSy).	
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IV.c.2	vab-1	and	f59d12.1	cause	a	reduction	in	ACR-16::GFP	and									

ACR-16::RFP	levels	

	 Both	vab-1	and	f59d12.1	were	identified	through	whole	genome	sequencing	

based	on	their	ability	to	affect	expression	of	the	ACR-16	receptor	at	the	NMJ.	Further	

evaluation	of	this	modulation	of	ACR-16	receptors	was	examined	by	crossing	these	

mutants	into	a	line	with	a	single	copy	insertion	of	ACR-16::GFP	under	the	muscle	

specific	promoter	Pmyo-3,	referred	to	at	jaSi4	(79).	jaSi4	was	kept	in	an	acr-16	null	

background	to	prevent	endogenous	untagged	ACR-16	receptor	from	diluting	the	

ACR-16::GFP	signal.	The	three	different	vab-1	mutant	alleles	described	above	were	

crossed	into	jasSi4;acr-16(ok789):	vab-1(ok1699),	vab-1(e2027),		and	vab-1(ju8).		All	

three	mutations	caused	a	signification	reduction	in	levels	of	ACR-16::GFP	as	

compared	to	control,	jaSi4;acr-16(ok789)	((ok1699:	22.6±6.9	n=20,	(e2027):	

24.7±6.4	n=10,	(ju8):	19.8±6.2	n=8,	control:	28.3±9.2	n=35)	(Fig.	28A,B).	When	

f59d12.1(gk1000)	was	crossed	into	jaSi4;acr-16(ok789)	and	levels	of	ACR-16::GFP	

evaluated,	again	there	was	a	significant	reduction	in	fluorescence	levels	

(f59d12.1(gk1000):	12.8±5	n=9,	control:	29.1±8.6	n=11)	(Fig.	28C,D).	This	suggests	

that	both	genes	are	involved	in	the	regulation	of	ACR-16	receptor	expression	at	the	

NMJ.	

It	is	possible	that	the	reduction	of	ACR-16::GFP	seen	at	the	NMJ	is	not	due	to	

vab-1(ok1699)	or	f59d12.1(gk1000)	affecting	ACR-16	expression,	but	instead	

regulation	of	the	myo-3	promoter	region.	To	assay	this	vab-1(ok1699)	and	

f59d12.1(gk1000)	were	crossed	into	a	line	expressing	a	single	copy	of	ACR-16::RFP	

driven	under	the	endogenous	acr-16	promoter.	vab-1(ok1699)	and	
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f59d12.1(gk1000)	mutants	both	caused	a	significant	reduction	in	levels	of	ACR-

16::RFP	as	compared	to	control	(vab-1(ok1699):	5.9±3.4	n=7,	f59d12.1(gk1000):	

5.9±2.7	n=10,	control:	11±4.4	n=19)	(Fig.	28.E,F).	Additionally	if	these	mutants	were	

affecting	regulation	of	the	myo-3	promoter	region,	a	change	in	expression	levels	of	

MYO-3	would	be	expected.	To	explore	this	vab-1(ok1699)	and	f59d12.1(gk1000)	

were	crossed	into	a	line	expressing	the	construct	Pmyo-3::GFP::MYO-3,	referred	to	as	

raIs5.	When	levels	of	MYO-3::GFP	were	evaluated	in	the	vab-1(ok1699)	mutant	

background	there	was	a	slightly	significant	increase	in	fluorescence	levels	as	

compared	to	the	control	(vab-1(ok1699):	23±3.7	n=11,	control:	15.8±5	n=5)	(Fig.	

30E,F).	In	the	f59d12.1(gk1000)	mutant	background	there	was	no	significant	

different	in	levels	of	MYO-3::GFP	as	compared	to	the	control	

(f59d12.1(gk1000):18.2±3.2	n=11,	control:	15.8±3	n=5)	(Fig.	30E,F).	Together	these	

two	separate	assays	suggest	that	both	vab-1	and	f59d12.1	affect	ACR-16	receptors	in	

a	way	that	is	not	dependent	on	promoter	the	used	to	express	ACR-16.		
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Figure	28.	Both	vab-1	and	f59d12.1	mutants	decrease	expression	levels	of	

ACR-16	receptors	at	the	NMJ.	A.	Representative	images	of	ACR-16::GFP	in	three	

different	vab-1	mutant	alleles.	B.	Quantification	of	ACR-16::GFP	fluorescence	levels	

showed	a	significant	decrease	in	all	three	vab-1	mutants	alleles	as	compared	to	the	

control	((ok1699:	22.6±6.9	n=20,	(e2027):	24.7±6.4	n=10,	(ju8):	19.8±6.2	n=8,	

control:	28.3±9.2	n=35).	C.	Representative	images	of	ACR-16::GFP	in	the	

f59d12.1(gk1000)	mutant.	D.	Quantification	of	ACR-16::GFP	fluorescence	levels	

showed	a	significant	decrease	in	the	f59d12.1	mutant	background	as	compared	to	

the	control	(f59d12.1(gk1000):	12.8±5	n=9,	control:	29.1±8.6	n=11).	E.	

Representative	images	of	ACR-16::RFP	expression	in	vab-1(ok1699)	and	

f59d12.1(gk1000)	mutants.	F.	Quantification	of	ACR-16::GFP	fluorescence	showed	a	

significant	decrease	in	both	the	vab-1(ok1699)	and	f59d12.1(gk1000)	mutants	as	

compared	to	the	control	(vab-1(ok1699):	5.9±3.4	n=7,	f59d12.1(gk1000):	5.9±2.7	

n=10,	control:	11±4.4	n=19).		
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IV.c.3	Behavioral	analysis	of	vab-1	and	f59d12.1	mutants	

	 Previous	work	by	Touroutine	et.	al,	(56)	demonstrated	that	acr-16	mutants	

alone	do	not	have	any	significant	behavioral	phenotypes.	However	when	acr-16	

mutants	are	crossed	in	to	a	LAChR	mutant	background,	the	double	mutant,	lacking	

both	AChR	types,	exhibit	extreme	levels	of	uncoordination.	Thus	the	LAChR	mutant	

background	was	used	to	evaluate	if	vab-1(ok1699)	and	f59d12.1(gk1000)	mutants	

were	functionally	affecting	ACR-16	receptors.		

In	both	a	thrashing	assay	and	a	body	bend	assay	there	was	no	significant	

difference	between	jaSi4;acr-16(ok789)	and	jaSi4;vab-1(ok1699);acr-16(ok789),	as	

was	expected	(jaSi4;vab-1(ok1699);acr-16(ok789):	22.1±6.1	n=10,	jaSi4;acr-

16(ok789):22.9±4.1	n=10)	(Fig.	29A.B).		However,	when	jaSi4;vab-1(ok1699);acr-

16(ok789)	was	crossed	into	the	LAChR	mutant	background,	a	significant	reduction	

in	number	of	thrashes	and	number	of	body	bends	was	seen	as	compared	the	unc-

63(x37);jaSi4;acr-16(ok789)	control	(unc-63(x37);jaSi4;vab-1(ok1699);acr-

16(ok789):	3.7±2.4	n=10,	unc-63(x37);jaSi4;acr-16(ok789):	10.7±2.6	n=10)	(Fig.	

29A,B).	This	suggests	that	the	vab-1	mutation	is	causing	a	deficit	in	ACR-16	receptor	

function.	

In	both	a	thrashing	assay	and	a	body	bend	assay	there	was	no	significant	

difference	between	jaSi4;acr-16(ok789)	and	jaSi4;acr-16(ok789);f59d12.1(gk1000),	

again	as	was	expected	(jaSi4;acr-16(ok789);f59d12.1(gk1000):	19.1±4.3	n=20,	

jaSi4;acr-16(ok789):	19.7±4.5	n=20)	(Fig.	29C,D).		When	jaSi4;acr-

16(ok789);f59d12.1(gk1000)	was	crossed	into	a	LAChR	mutant	background,	creating	

a	double	mutant,	a	reduction	in	number	of	thrashes	and	number	of	body	bends	was	
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observed,	but	it	was	not	significant	when	compared	to	the	unc-63(x37);jaSi4;acr-

16(ok789)	control	(unc-63(x37);jaSi4;acr-16(ok789);f59d12.1(gk1000):	7.8±3	n=20,	

unc-63(x37);jaSi4;acr-16(ok789):	10.1±3.2	n=10)	(Fig.	29C,D).	Thus,	although	it	

seems	that	the	f59d12.1	mutation	is	having	some	functional	affect	on	ACR-16	

receptors,	the	impact	is	not	as	severe.	
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Figure	29.	vab-1	and	f59d12.1	mutants	cause	an	increase	in	locomotory	

deficits	in	a	LAChR	mutant	background.	A.	In	vab-1	mutants	alone	there	is	no	

significant	change	in	number	of	thrashes	as	compared	to	the	control;	however	when	

vab-1	mutants	are	crossed	into	a	LAChR	mutant	background	there	is	a	significant	

reduction	in	number	of	thrashes	as	compared	to	the	uncoordinated	LAChR	mutants	

alone.	B.	In	vab-1	mutants	alone	there	is	no	change	in	number	of	body	bends	as	

compared	to	the	control	(jaSi4;vab-1(ok1699);acr-16(ok789):	22.1±6.1	n=10,	

jaSi4;acr-16(ok789):22.9±4.1	n=10);	however	when	crossed	into	a	LAChR	mutant	

background	a	significant	reduction	in	the	number	of	body	bends	is	seen	as	

compared	to	the	already	reduced	LAChR	mutant	alone	(unc-63(x37);jaSi4;vab-

1(ok1699);acr-16(ok789):	3.7±2.4	n=10,	unc-63(x37);jaSi4;acr-16(ok789):	10.7±2.6	

n=10).			C.	There	was	no	significant	change	in	number	of	thrashes	in	

f59d12.1(gk1000)	mutants	alone	as	compared	to	the	control,	however	when	crossed	

into	an	LAChR	mutant	background	there	is	decreased	number	of	thrashes	as	

compared	to	the	already	uncoordinated	LAChR	mutant	control,	but	it	is	not	

significant.	D.	There	was	no	significant	reduction	in	number	of	body	bends	in	the	

f59d12.1(gk1000)	mutants	alone	as	compared	to	the	control	(jaSi4;acr-

16(ok789);f59d12.1(gk1000):	19.1±4.3	n=20,	jaSi4;acr-16(ok789):	19.7±4.5	n=20).	

However,	when	f59d12.1(gk1000)	mutants	were	crossed	into	a	LAChR	mutant	

background	there	was	a	trend	toward	a	reduction	in	body	bends	as	compared	to	the	

already	reduced	LAChR	mutant	control	(unc-63(x37);jaSi4;acr-

16(ok789);f59d12.1(gk1000):	7.8±3	n=20,	unc-63(x37);jaSi4;acr-16(ok789),	however	

this	was	not	significant.	
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IV.c.4	Synapse	abundance	and	muscle	integrity	in	vab-1	and	f59d12.1	

mutants	

The	ACR-16	receptor	is	found	at	the	NMJ,	thus	it	is	important	to	address	

possible	changes	in	presynaptic	density	as	a	cause	for	the	reduction	in	expression	

level	of	postsynaptic	ACR-16	in	vab-1(ok1699)	and	f59d12.1(gk1000)	mutants.		To	

evaluate	the	number	of	cholinergic	synapses,	RAB-3,	a	cholinergic	vesicular	marker,	

was	tagged	with	mCherry	and	expressed	under	the	cholinergic	neuron	specific	

promoter	Pacr-2.	The	vab-1	mutants	used	to	examine	synapse	number	were:	vab-

1(e2027)		and	vab-1(ju8).	The	number	of	RAB-3::mCherry	puncta	in	these	mutants	

was	unchanged	when	compared	with	the	control	(e2027:	15.7±2.9	n=13,	ju8:	12.4±2	

n=9,	control:	13.3±4.7	n=15)	(Fig.	30A,B).	The	f59d12.1(gk1000)	mutant	was	also	

evaluated	for	changes	in	synapse	number,	and	again,	when	compared	to	the	control,	

no	significant	difference	in	puncta	number	was	seen	(f59d12.1(gk1000):	12.8±2.2	

n=11,	control:	13±2.2	n=9)	(Fig.	30C,D).	This	suggests	that	a	synaptogenesis	defect	

is	not	the	cause	of	observed	changes	in	ACR-16	receptor	expression	in	either	vab-1	

or	f59d12.1	mutants.		

Muscle	architecture	was	also	examined	using	the	previously	discussed	raIs5	

in	vab-1(ok1699)	and	f59d12.1(gk1000)	mutant	backgrounds.	As	previously	

discussed,	the	level	of	MYO-3::GFP	fluorescence	was	measured	in	the	vab-1	mutant	

background	and	a	slight	increase	in	fluorescence	was	observed	(vab-1(ok1699):	

23±3.7	n=11,	control:	15.8±5	n=5)	(Fig.	28E,F).	A	slight	rippling	of	the	MYO-3	

organization	in	the	muscle	was	also	observed.	This	may	be	due	to	a	previously	

described	role	for	vab-1	in	proper	patterning	of	epithelial	morphogenesis	(George,	
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1998).		There	were	no	significant	differences	in	the	level	of	MYO-3::GFP	

fluorescence	between	the	f59d12.1	mutants	and	the	control	(f59d12.1(gk1000):	

18.2±3.2	n=11,	control:	15.8±3	n=5)	(Fig.	30E,F).	The	organization	of	MYO-3	also	

looked	to	be	the	same	in	both	backgrounds.	Overall,	it	does	not	seem	that	muscle	

structural	defects	are	causing	the	ACR-16	expression	and	locomotion	defects	seen	in	

vab-1	and	f59d12.1	mutants.	
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Figure	30.	Evaluation	of	vab-1	and	f59d12.1	mutants	roles	in	NMJ	patterning.		

A.	Representative	images	of	the	cholinergic	vesicular	marker	RAB-3::mCherry	in	

multiple	vab-1	mutant	alleles.	B.	Quantification	of	the	number	of	cholinergic	

synaptic	puncta	showed	no	change	in	number	in	the	vab-1	mutant	alleles	as	

compared	to	the	control	(e2027:	15.7±2.9	n=13,	ju8:	12.4±2	n=9,	control:	13.3±4.7	

n=15).	C.	Representative	images	of	the	cholinergic	synaptic	marker	RAB-3::mCherry	

in	f59d12.1	mutants.	D.	Quantification	of	the	number	of	cholinergic	synaptic	puncta	

showed	no	change	in	number	in	the	f59d12.1(gk1000)	mutants	as	compared	to	the	

control	(f59d12.1(gk1000):	12.8±2.2	n=11,	control:	13±2.2	n=9).	E.	Representative	

images	of	body	wall	muscle	myosin	marker	MYO-3::GFP	in	vab-1	and	f59d12.1	

mutant	backgrounds.	F.	Quantification	of	MYO-3::GFP	in	vab-1	mutants	showed	a	

significant	increase	in	GFP	levels	as	compared	to	the	control	(vab-1(ok1699):	23±3.7	

n=11,	control:	15.8±5	n=5).	f59d12.1	mutants	showed	no	change	in	MYO-3::GFP	

levels	as	compared	to	the	control	(f59d12.1(gk1000):	18.2±3.2	n=11,	control:	15.8±3	

n=5).	
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IV.c.5	Localization	and	levels	of	the	LAChR	in	vab-1	and	f59d12.1	

mutants	

To	determine	whether		vab-1	and	f59d12.1	mutations	were	acting	specifically	

on	the	ACR-16	receptor	and	not	generally	affecting	NMJ	receptors,	the	mutants	were	

crossed	into	a	strain	expressing	UNC-29::RFP.	In	the	vab-1(e2027)	mutant	

background	there	was	no	significant	difference	in	UNC-29::RFP	fluorescence	levels	

as	compared	to	the	control	(vab-1(e2027):	15.6±5.2	n=7,	control:	14.5±9.6	n=9)	(Fig.	

31A,B).	The	localization	of	the	RFP	signal	along	the	nerve	cord	also	did	not	have	any	

distinctive	changes	in	patterning	when	compared	to	the	control.	This	data	suggest	

that	vab-1	mutants	act	specifically	on	the	ACR-16	receptors	at	the	NMJ.	In	the	

f59d12.1(gk1000)	mutant	background	there	was	also	no	significant	difference	in	

gross	localization	of	the	tagged	receptors	as	compared	to	the	control.	However,	

there	was	a	slightly	significant	increase	in	the	levels	of	RFP	fluorescence	in	the	

f59d12.1(gk1000)	mutants	as	compared	to	the	control,	suggesting	an	increase	in	

levels	of	LAChRs	(f59d12.1(gk1000):	18.5±6.5	n=8,	control:	14.5±4.6	n=9)	(Fig.	

31C,D).	This	suggests	that	F59D12.1	may	have	opposing	functions	in	regulating	

expression	of	the	LAChRs	at	the	NMJ.	
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Figure	31.		Change	in	LAChR	levels	and	localization	in	vab-1	and	f59d12.1	

mutants.	A.	Representative	images	of	LAChR	reporter	UNC-29::RFP	in		vab-

1(e2027)	mutants.	B.	Quantification	of	UNC-29::RFP	levels	demonstrated	no	

significant	difference	in	fluorescence	in	vab-1(e2027)	mutants	as	compared	to	the	

control	(vab-1(e2027):	15.6±5.2	n=7,	control:	14.5±9.6	n=9).	C.	Representative	

images	of	LAChR	reporter	UNC-29::RFP	in	f59d12.1(gk1000)	mutants.	D.	

Quantification	of	UNC-29::RFP	levels	showed	a	significant	increase	in	fluorescence	

levels	in	f59d12.1	mutants	as	compared	to	the	control	(f59d12.1(gk1000):	18.5±6.5	

n=8,	control:	14.5±4.6	n=9).	
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IV.c.6	Electrophysiological	analysis	of	vab-1	and	f59d12.1	

	The	changes	observed	in	ACR-16	receptor	expression	and	function	in	the	

vab-1	and	f59d12.1	mutants	suggest	that	there	should	also	be	an	effect	on	

postsynaptic	responses	to	endogenous	ACh	release.	This	was	evaluated	performing	

whole	cell	patch	clamp	recordings	of	evoked	NMJ	responses,	which	were	obtained	in	

1mM	Ca2+	from	dissected	worms.	The	evoked	current	amplitudes	were	recorded	

from	vab-1(ok1699)	mutants	and	were	found	to	be	significantly	increased	as	

compared	to	the	N2	control	(vab-1(ok1699):	2445.2±650.9	n=6,	N2:	1866.1±329.6	

n=12)	(Fig.	32A,B).	This	suggests	that	in	addition	to	a	postsynaptic	change	in	ACR-

16	receptor	expression,	there	is	also	a	presynaptic	affect	occurring,	possibly	a	

compensatory	mechanism	due	to	the	reduction	in	receptor	levels	at	the	NMJ.	The	

evoked	current	amplitudes	were	also	recorded	from	f59d12.1(gk1000)	mutants	and	

a	significant	decrease	was	seen	as	compared	to	the	wild-type	control	N2	

(f59d12.1(gk1000):	1103.8±612.2	n=6,	N2:	1866.1±329.6	n=12)	(Fig.	32C,D).		This	

data	agrees	with	the	reduced	levels	of	fluorescence,	and	thus	expression,	of	ACR-

16::GFP	receptors	at	NMJs	see	in	f59d12.1(gk1000)	mutants.	
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Figure	32.	Electrophysiological	evaluation	of	synaptic	transmission	in	vab-1	

and	f59d12.1	mutants.	A.	Representative	traces	of	postsynaptic	evoked	response	

amplitudes	in	vab-1(ok1699)	mutants.	B.	Quantification	of	evoked	response	

amplitudes	in	vab-1(ok1699)	mutants	showed	a	significant	increase	in	amplitude	

size	as	compared	to	the	control	(vab-1(ok1699):	2445.2±650.9	n=6,	N2:	

1866.1±329.6	n=12).	C.	Representative	traces	of	postsynaptic	evoked	response	

amplitudes	in	f59d12.1(gk1000)	mutants.	D.	Quantification	of	evoked	response	

amplitudes	in	f59d12.1(gk1000)	mutants	showed	a	significant	reduction	in	

amplitude	size	as	compared	to	the	control	(f59d12.1(gk1000):	1103.8±612.2	n=6,	

N2:	1866.1±329.6	n=12)	
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IV.c.7	Relative	acr-16	mRNA	levels	in	vab-1	and	f59d12.1	mutants	is	

increased	

vab-1	and	f59d12.1	mutants	could	be	causing	the	defects	seen	in	ACR-16	

expression	and	function	through	regulation	of	acr-16	gene	transcription.	To	address	

this	possibility	the	relative	mRNA	levels	of	acr-16	present	in	each	of	these	mutant	

backgrounds	was	evaluated.		Total	mRNA	was	collected	from	jaSi4;vab-

1(ok1699);acr-16(ok789)	and	jaSi4;acr-16(ok789);f59d12.1(gk1000)	animals,	

reverse	transcribed,	and	qRT-PCR	was	performed.	Actin	was	used	as	an	internal	

control	for	all	samples.	When	the	relative	levels	of	acr-16	mRNA	were	compared	to	

the	normalized	control,	obtained	from	jaSi4;acr-16(ok789)	animals,	a	significant	

increase	in	both	the	vab-1(ok1699)	and	f59d12.1(gk1000)	mutants	was	observed,	

suggesting	an	elevation	of	acr-16	mRNA	(vab-1(ok1699):	1.7±0.4	n=5,	

f59d12.1(gk1000):	1.7±0.5	n=5,	control:	1±0	n=5)	(Fig.	33).	This	could	be	due	to	

another	regulatory	pathway,	compensating	for	the	reduction	in	ACR-16	protein	

expression	by	increasing	acr-16	mRNA	production.		

	 	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	

	 120	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure	33.	vab-1	and	f59d12.1	mutants	are	affecting	transcription	of	acr-16.	

Relative	levels	of	acr-16	mRNA	was	increased	in	both	vab-1(ok1699)	and	

f59d12.1(gk1000)	mutants	(vab-1(ok1699):	1.7±0.4	n=5,	f59d12.1(gk1000):	1.7±0.5	

n=5,	control:	1±0	n=5).	
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IV.d	Discussion	and	Future	Directions	
	
	 In	this	chapter	evidence	has	been	presented	that	show	both	vab-1	and	

f59d12.1	affect	the	expression	of	ACR-16	NAChRs.	Mutants	in	each	of	these	genes	

cause	a	reduction	in	levels	of	Pmyo-3	driven	ACR-16::GFP	expression	as	well	as	ACR-

16::RFP	at	the	NMJ.		Since	ACR-16::RFP	was	expressed	under	the	endogenous	acr-16	

promoter	together	with	the	evidence	that	levels	of	MYO-3::GFP	were	not	decreased	

in	these	mutant	backgrounds,	it	appears	that	the	changes	in	ACR-16	receptor	

fluorescence	levels	are	not	through	the	misregulation	of	the	MYO-3	promoter	

region.	There	was	no	change	in	number	of	cholingeric	synaptic	puncta	seen	in	either	

mutant	background	and	the	muscle	architecture	was	unperturbed,	demonstrating	

that	the	changes	in	ACR-16	receptor	expression	level	are	not	due	to	a	NMJ	

patterning	defect.	The	behavioral	assays	displayed	a	functional	defect	in		ACR-16	

signaling	based	on	the	severely	uncoordinated	phenotype	observed	in	vab-1;unc-63	

double	mutants.	Although	the	behavioral	defects	in	the	double	mutant	generated	

with	f59d12.1	were	not	statistically	significant,	there	was	a	distinct	trend	towards	

the	characteristic	decreased	motility.	Interestingly,	in	both	mutants	there	was	an	

increase	in	relative	levels	of	acr-16	mRNA.	This	may	suggest	a	role	for	these	proteins	

in	regulating	transcription	of	acr-16	or	this	may	be	indicative	of	a	compensatory	

mechanism,	suggesting	targeted	removal	or	degradation	of	the	ACR-16	receptors.		

	 How	might	VAB-1,	an	EphB	homolog	regulate	C.	elegans	nAChR	expression?		

Studies	have	shown	the	interactions	between	EphB	receptors,ephrin	B	ligands	and	

AMPA	and	NMDA	receptors	at	the	synapses	of	vertebrates.		Specifically,	EphB4	

receptor	binding	of	the	ephrinB2	ligand	results	in	the	stabilization	of	AMPA	
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receptors	at	the	synapse.	Furthermore,	in	a	mouse	ephrinB2	knockout,	AMPA	

receptor	internalization	was	seen	along	with	a	reduction	in	excitatory	synaptic	

current	(104).		This	implies	that	AMPA	receptor	stabilization	is	dependent	on	the	

ephrinB2	ligand.		In	a	mouse	knockout	for	the	EphB	receptor	there	was	a	significant	

difference	in	the	function	and	distribution	of	NMDA	receptors,	causing	a	reduction	

in	NMDA	derived	current.	A	significant	decrease	in	post-synaptic	density	associated	

NMDA	receptors	was	also	seen,	although	the	overall	number	of	receptors	was	

unchanged	(105).	These	data,	along	with	another	study	showing	a	post-synaptically	

located,	direct	interaction	between	EphB	receptors	and	NMDA	receptors,	implies	

NMDA	regulation	is	mediated	through	the	EphB	receptor	(106).		Other	studies	have	

identified	roles	for	the	EphA	receptor	and	ephrin	A	ligand	in	stabilizing	the	NMJ	in	

mammals.	In	ephrin	A5	knockout	mice,	axon	terminals	were	no	longer	properly	

coupled	with	post-synaptic	machinery.	This	deficit	illustrated	the	need	for	the	

interaction	of	the	ligand,	expressed	in	muscles,	with	the	EphA4	receptor,	expressed	

in	motor	neurons	(107).	A	study	examining	the	clustering	mechanism	of	the	second	

cholinergic	receptor	type	present	at	the	worm	NMJ,	LAChRs,	demonstrated	that	

LEV-10	was	necessary	for	the	localization	of	the	LAChR.	LEV-10	contains	a	domain	

most	similar	to	vertebrate	NETO2.	NETO2,	and	its	paralog	NETO1,	have	been	shown	

to	be	necessary	for	NMDA	receptor	stabilization,	similar	to	that	seen	with	EphB	

receptor	interactions	(71,	108).		It	is	possible	that	these	conserved	clustering	

mechanisms	may	play	a	role	in	regulating	the	presence	of	the	NAChR,	ACR-16,	at	the	

C.	elegans	NMJ.	
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As	the	C.	elegans	Eph	vab-1	is	similar	to	both	vertebrate	EphA	and	EphB	and	

the	4	known	ephrin	ligands	in	the	worm	show	strong	similarities	to	ephrin	B	

ligands,	it	will		be	interesting	to	examine	mutants	affecting	other	components	of	the	

ephrin	pathway	in	C.	elegans,	on	ACR-16	receptors	(98).	This	is	proposed	with	the	

caveat	that	based	on	these	proteins	known	roles	in	gastrulation	and	endothelial	

development	some	combination	may	cause	lethality.		

	 How	might	the	GPCR,	F59D12.1	regulate	C.	elegans	nAChR	expression?		

The	role	of	GPCR	regulation	of	ACR-16	receptors	has	not	been	previously	explored	

in	the	worm.	Further	analysis	addressing	the	function	and	localization	f59d12.1	

should	be	investigated.	Previous	work	has	identified	other	CCKR2	homologues	in	C.	

elegans,	referred	to	as	ckr-2,	which	are	expressed	in	both	cholinergic	and	GABAergic	

motor	neurons	(109).		In	vertebrates,	studies	looking	at	the	interactions	between	

GPCRs	and	the	α7	receptor	have	revealed	that	in	regions	of	the	mouse	brain,	α7	

receptors	associate	with	Gαs,	Gαq,	and	Gαi	proteins.	A	G-protein	binding	motif	

within	the	M3-M4	loop	of	the	α7	receptor	was	also	identified.		This	coupling	was	

shown	to	cause	α7	mediated	calcium	release	from	internal	stores	in	the	

endoplasmic	reticulum,	which	is	dependent	on	Gαq	binding	to	the	α7	receptor	

(110).	It	is	possible	that	F59D12.1	is	working	through	a	regulatory	mechanism	

similar	to	this	in	C.	elegans.	Further	examination	of	the	potential	G-protein	binding	

site	on	ACR-16	and	other	components	of	the	downstream	signaling	cascade	should	

be	pursued.		
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