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ABSTRACT	OF	THE	DISSERTATION

Reproductive	senescence	and	control	of	germline	stem	cells	in	the	Caenorhabditis	elegans	

hermaphrodite	germline.

By

Adrian	Paz

Doctor	of	Philosophy	in	Biological	Sciences

University	of	California,	Irvine,	2015

Professor	Olivier	Cinquin,	Chair

	 Menopause	is	one	of	the	earliest	age	related	declines	in	humans.	Uncovering	factors	

that	in_luence	reproductive	aging	is	of	interest	with	regard	to	human	reproductive	health,	

and	is	also	an	important	_irst	step	in	understanding	the	overall	aging	process.	The	

Caenorhabditis	elegans	hermaphrodite	germline	has	been	established	as	a	highly-suitable	

model	system,	but	many	questions	remain	regarding	the	factors	that	modulate	its	aging.	

	 Although	IF	is	well	known	to	extend	lifespan	in	a	variety	of	species	including	C.	

elegans,	less	is	known	about	its	effect	on	reproductive	aging.	I	show	that	IF	can	delay	worm	

reproductive	cessation	without	reducing	brood	size.	As	a	_irst	step	in	establishing	means	to	

understand	the	ways	in	which	IF	exerts	its	effects	on	reproductive	aging,	I	characterize	

germline	changes	that	occur	as	reproductive	activity	is	modulated;	I	chose	this	approach	

because	reproductive	aging	is	likely	to	be	linked	to	reproductive	activity	and	to	germline	

stem	cell	(GSC)	activity.	Speci_ically,	I	_ind	that	GSCs	of	individuals	with	low	reproduction	

rates	randomly	occupy	a	dormant	state	in	which	they	do	not	cycle.	I	also	show	that	

increasing	reproduction	rate	alters	germline	compartment	makeup,	which	occurs	

viii



independently	of	oocyte	fertilization.	A	strong	candidate	for	regulation	of	at	least	some	of	

these	responses	is	the	stem	cell	niche	provided	by	the	distal	tip	cell	(DTC).	Indeed,	niche	

architecture	has	been	hypothesized	to	play	an	important	role	in	stem	cell	regulation.	The	

DTC	extends	processes	whose	functional	signi_icance	is	unknown.	Using	time-lapse	

imaging,	I	show	this	growth	to	be	an	active	and	highly-dynamic	process.	This	suggests	that	

process	growth	may	be	an	important	component	of	the	regulation	of	GSC	behavior.

	 Overall,	I	report	striking,	novel	behaviors	of	the	C.	elegans	reproductive	system	as	a	

whole,	and	of	GSCs	in	particular.	I	also	report	a	new	intervention	by	which	reproductive	

cessation	can	be	delayed	without	sacri_icing	brood	size.	This	lays	the	foundation	for	future	

studies	to	identify	the	underlying	causes	of	reproductive	aging,	and	to	identify	ways	in	

which	this	aging	is	intrinsically	controlled	and	can	be	further	manipulated	by	external	

intervention.
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Chapter	1

Introduction

	

	 Aging	is	de)ined	as	the	progressive	decline	of	organ	and	tissue	function	and	the	

increase	in	disease	and	mortality.	Advances	in	medicine	have	extended	the	average	human	

life	span	in	both	men	and	women.	With	people	living	longer	there	has	been	increased	focus	

on	extending	health	span,	the	length	of	time	an	individual	remains	healthy.	One	of	the	

earliest	age	related	declines	experienced	by	women	is	menopause,	female	reproductive	

cessation,	between	the	ages	of	48	and	55	(Hill	et	al.	1991;	Austad	1994).	Because	of	the	age	

related	decline	in	oocyte	quality,	female	reproductive	capacity	begins	to	diminish	

dramatically	after	35	years	of	age.	Women	who	become	pregnant	at	an	age	of	35	or	older	

have	increased	risk	of	birth	defects	and	miscarriages	(Packer,et	al.	1998;	Broekmans	et	al.	

2007;	Hansen	et	al.	2008).	Reproductive	aging	has	become	a	medical	issue	of	increasing	

importance	because	more	women	today	tend	to	delay	childbearing.	

	 Since	the	main	purpose	of	animal	life	is	to	reproduce	it	is	intriguing	that	

reproductive	cessation	takes	place	well	before	the	end	of	life.	While	much	work	has	been	

done	to	understand	the	aging	process,	little	is	currently	known	about	the	regulation	of	

reproductive	aging.	A	better	understanding	of	reproductive	aging	will	provide	insight	into	

maternal	age-related	infertility	and	child	birth	defects.	In	this	thesis	I	utilize	the	C.	elegans	

hermaphrodite	germline	as	a	model	system	to	investigate	how	food	availability	and	

germline	behavior	impact	reproductive	aging.	
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The	C.	elegans	hermaphrodite	germline	as	a	model	system	for	aging	studies

	 The	relatively	short	life	span	of	C.	elegans,	2-3	weeks	(Figure	1.1),	makes	it	possible	

to	conduct	rapid	analysis	of	survival	and	reproductive	aging	phenotypes.	C.	elegans	has	two	

sexes,	hermaphrodite	and	male.	Hermaphrodite	worms	can	self-fertilize	or	mate	with	male	

worms,	which	allows	for	manipulation	of	reproductive	output.	These	attributes	along	with	

a	large	genetic	toolset	make	the	C.	elegans	worm	a	powerful	model	system	for	reproductive	

aging	studies.	Additional	attributes	such	as	the	transparency	of	tissues	and	the	

spatiotemporal	layout	of	its	reproductive	system	facilitate	the	study	of	reproduction,	

germline	stem	cell	biology,	the	transition	from	mitosis	to	meiosis,	and	niche	morphology	

(Henderson	et	al.	1994;	Hubbard	and	Greenstein	2000;	Kimble	and	Crittenden	2007).	

	 The	C.	elegans	hermaphrodite	germline	is	a	relatively	simple	self-renewing	tissue	

that	is	composed	of	two	symmetric	arms	that	form	a	syncytial,	tube-shaped	structure	

(Figure	1.2).	Each	gonadal	arm	is	capped	at	the	distal	end	by	a	single	somatic	cell,	the	distal	

tip	cell	(DTC),	that	maintains	stem	cells	by	providing	a	ligand	for	the	Notch	receptor	

expressed	by	the	germ	cells	(Henderson	et	al.	1994;	Gao	and	Kimble	1995).	The	DTC	is	

essential	for	maintenance	of	the	mitotic	zone	(MZ)	as	a	whole:	removal	of	Notch	signaling	

results	in	germ	cell	entry	into	meiosis	(Austin	and	Kimble	1987;	Lambie	and	Kimble	1991).	

Hyperactive	Notch	signaling	produces	ectopic	proliferation	throughout	the	germline	(Berry,	

et	al.	1997;	Anita	S-R	Pepper	2003).	The	DTC	is	also	important	for	gonad	development,	

speci)ically	promoting	germline	elongation	and	patterning.	The	distal	most	germ	cells	are	

putative	germline	stem	cells	and	give	rise	to	the	rest	of	the	proliferating	germ	cells	in	the	

MZ.	As	germ	cells	in	the	MZ	divide	they	are	displaced	in	the	proximal	direction,	and	

progress	through	differentiation	(Kimble	and	Crittenden	2005;	Crittenden	et	al.	2006).	
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Germ	cells	exit	the	MZ,	initiate	meiosis	in	the	transition	zone	(TZ)	and	progress	through	the	

pachytene	stage	more	proximally.	As	germ	cells	migrate	proximally	they	reach	the	bend	

region,	which	is	the	end	of	the	pachytene	stage	and	where	germ	cell	apoptosis	takes	place.	

Surviving	syncytial	germ	cells	begin	to	cellularize	and	grow	larger;	after	completing	the	

diplotene	stage	they	become	arrested	at	diakinesis.	Oocytes	are	then	activated	by	major	

sperm	protein	(MSP),	complete	meiotic	maturation,	and	are	ovulated	into	the	spermatheca,	

were	they	are	fertilized	by	sperm.	The	fertilized	embryo	is	pushed	into	the	uterus	and	laid	

through	the	vulva.		

	 In	the	presence	of	food	newly	hatched	C.	elegans	larvae	undergo	four	molts	until	

reaching	adulthood	in	approximately	48	hours	(Byerly	et	al.	1976).	Hermaphrodites	self	

fertilize	to	produce	approximately	300	progeny	within	the	)irst	)ive	days	of	adult	hood.	

Total	number	of	progeny	produced,	however,	is	limited	by	the	)inite	number	of	self	sperm	

that	are	produced	during	their	late	larval	stages	of	hermaphrodites.	By	mating	with	male	

worms	hermaphrodites	receive	additional	sperm,	so	that	sperm	is	no	longer	a	limiting	

factor,	which	increases	total	reproductive	output	by	over	two	fold	and	extends	reproductive	

span	from	~5	to	~9	days.	In	spite	of	the	increase	in	reproductive	activity	after	mating,	

hermaphrodites	still	experience	a	relatively	large	post	reproductive	time	period.
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Egg
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L3

L4
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Spermatogenesis

Oogenesis

Dauer -food
+pheromone

+food

Figure	1.1.	Life	cycle	of	Caenorhabditis	elegans.	Under	well	fed	conditions	newly	hatched	
larvae	undergo	four	larval	stages	before	reaching	reproductive	adulthood	within	~48	h	of	
hatching.	Spermatogenesis	is	restricted	to	the	late	larval	stages	and	produces	
approximately	300	sperm.	Upon	reaching	adulthood	the	germline	switches	from	
spermatogenesis	to	oogenesis.	Life	span	under	standard	laboratory	culturing	conditions	is	
2-3	weeks	(Byerly	et	al.	1976).
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Reproductive	aging	in	the	C.	elegans	hermaphrodite

	 Prior	to	my	thesis	work	other	studies	used	the	C.	elegans	hermaphrodite	as	a	model	

system	for	investigation	of	reproductive	aging	(Klass	1977;	Hughes	et	al.	2007;	Andux	and	

Ellis	2008).	One	of	the	)irst	major	)indings	was	that	caloric	restriction	(CR)	extends	life	span	

and	delays	reproductive	cessation	in	C.	elegans	hermaphrodites.	This	has	been	shown	by	

reducing	food	availability	and	by	genetic	manipulation.	The	ion	channel	eat-2	controls	

pharyngeal	pumping.	Mutations	in	eat-2	limit	food	intake,	providing	a	genetic	mimic	of	CR;	

eat-2	mutants	were	initially	identi)ied	because	of	their	drastic	increase	in	life	span,	up	to	

50%,	and	were	later	found	to	also	have	delayed	reproductive	aging.	Another	hallmark	of	

reduced	food	intake	is	reduced	brood	size.	While	CR	studies	have	greatly	increased	our	

understanding	of	aging,	how	reproductive	aging	is	regulated	remains	to	be	determined.	In	

particular	the	relationship	between	food	availability,	reproductive	life	span,	and	brood	size	

requires	further	investigation.				

Figure	1.2.	Gonadal	arm	of	adult,	hermaphrodite	C.	elegans
.	Stem	cells	reside	at	the	distal	end	within	the	MZ,	and	cells	progressively	differentiate	as	
they	are	displaced	from	that	end.	Stem	cells	are	maintained	by	the	distal	tip	cell,	which	acts	
as	a	stem	cell	niche	by	presenting	Notch	ligands	to	germ	cells.
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	 Hughes	et	al	(2007)	suggested	that	reproductive	aging	is	controlled	by	a	time-

dependent	mechanism	rather	than	a	usage-dependent	mechanism.	By	controlling	sperm	

availability	they	were	able	to	manipulate	reproduction	in	wild-type	and	mutant	

hermaphrodites	de)icient	in	sperm	production.	They	found	that	increasing	reproductive	

output	in	wild-type	hermaphrodites	by	mating	with	male	worms	did	not	alter	late	progeny	

production.	In	a	second	experiment they	utilized	hermaphrodites	carrying	a	mutation	in	

fog-2,	which	encodes	a	protein	required	for	the	formation	of	self-sperm,	to	control	early	

progeny	production.	They	demonstrated	that	reducing	early	progeny	production	by	mating	

fog-2	hermaphrodites	with	wild-type	males	at	progressively	later	days	did	not	alter	late	

progeny	production.	Decreasing	reproductive	output	early	in	life	does	not	delay	

reproductive	decline;	thus	reproductive	aging	may	be	independent	of	the	number	of	early	

progeny	production	with	time	being	instead	the	major	factor.	But	questions	remain	as	to	

whether	the	reproductive	system	retains	some	forms	of	activity	such	as	germ	cell	cycling	

even	when	worms	are	not	reproducing,	and	as	to	how	that	activity	is	regulated	and	may	

contribute	to	reproductive	aging.

Caloric	restriction	and	longevity

	 The	effects	of	caloric	restriction	on	mammalian	life	span	was	)irst	documented	over	

80	years	ago	in	the	rat	Rattus	norvegicus	(McCay	et	al.	1935).	Since	then	CR	has	been	shown	

to	consistently	and	effectively	delay	aging	in	several	model	organisms,	including	the	fruit	)ly	

Drosophila	melanogaster,	mice	Mus	musculus,	and	C.	elegans.	More	recently	a	CR	study	on	

adult	rhesus	macaques	has	been	shown	to	delay	the	onset	of	age	related	diseases	and	

extend	life	span	(Colman	et	al.	2009).	Some	of	the	hallmarks	of	CR	are	elevated	resistance	to	
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stress,	delay	in	the	onset	of	age	related	diseases,	delay	of	reproductive	senescence,	and	

decrease	in	brood	size.	Typically	there	is	an	increase	in	life	span	as	food	intake	is	reduced,	

but	a	point	is	reached	when	further	reduction	in	food	intake	results	in	reduced	life	span	due	

to	starvation.	Klass	(1977),	using	C.	elegans,	demonstrated	that	reducing	food	availability	

increased	the	average	life	span	but	also	reduced	brood	size.	Hermaphrodites	cultured	

under	high	food	availability	have	high	brood	size	and	a	median	life	span	of	sixteen	days	

(Gems	and	Riddle	1996).	In	contrast	hermaphrodites	cultured	at	lower	food	availability	

showed	reduced	brood	size	and	an	average	life	span	of	twenty	six	days	(Klass	1977).	The	

general	conclusion	is	that	CR	is	correlated	with	increased	life	span,	increased	reproductive	

span,	and	decreased	brood	size.			

	 CR	studies	have	also	revealed	pathways,	common	amongst	most	model	organisms,	

that	are	involved	in	life	span	extension.	In	C.	elegans	Insulin/IGF-1	signaling	(IIS)	plays	a	

major	role	in	growth	and	development	as	well	as	CR-induced	longevity	(Dillin	et	al.	2002;	

Antebi	2007;	Wang	et	al.	2014).	CR	can	dramatically	increase	life	span	in	C.	elegans,	which	

was	shown	to	be	mediated	in	part	by	daf-16,	a	C.	elegans	FOXO	transcription	factor	(Greer	et	

al.	2007;	Antebi	2007)	that	is	regulated	by	aak-2,	a	C.	elegans	orthologue	of	AMPK	(Greer	et	

al.	2007).	The	fact	that	a	broad	range	of	species	display	a	similar	response	to	CR	suggest	

that	there	is	a	conserved	mechanism	controlling	longevity	that	could	extend	to	humans	

(although	there	is	currently	no	evidence	that	reducing	food	intake	extends	life	span	in	

humans,	studies	have	recently	begun	to	address	this	question;	Holloszy	and	Fontana	2007).	

	 In	addition	to	CR,	intermittent	fasting	(IF)	has	received	much	interest	due	to	its	

ability	to	modulate	life	span	(Martin	et	al.	2006;	Honjoh	et	al.	2009;	Uno	et	al.	2013;	Anton	

and	Leeuwenburgh	2013).	IF	regimens	consist	of	alternating	periods	of	feeding	and	fasting.	
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What	is	interesting	about	IF	is	that	it	can	extend	life	span	and	in	some	instances	improve	

health	bene)its	of	many	species	including	mammals	(Goodrick	et	al.	1990;	Mattson	and	

Wan	2005;	Fontana	and	Klein	2007;	Anderson	et	al.	2009).	A	recent	study	applied	an	IF	

regimen,	alternating	between	feeding	and	fasting	states	every	24	or	48	hours,	to	adult	C.	

elegans	and	found	a	40	and	56%	increase	in	life	span,	respectively	(Honjoh	et	al.	2009).	

RHEB-1	was	found	to	mediate	life	span	extension	under	IF	in	part	by	the	insulin/insulin	

growth	factor	(IGF)-like	signaling	effector	DAF-16	through	suppression	of	DAF-2.	This	is	in	

contrast	to	CR	life	span	extension	which	is	regulated	by	DAF-16	through	aak-2	but	not	

daf-2.	This	shows	that	IF	life	span	extension	works	through	pathways	that	only	partially	

overlap	with	those	elicited	by	CR	(Honjoh	et	al.	2009).	Overall,	there	is	strong	evidence	that	

it	is	not	just	the	number	of	calories	but	also	the	temporal	patterns	of	feeding	that	control	

longevity.	Very	little	is	known	however	about	the	impact	of	IF	on	reproductive	aging.	In	

chapter	two	of	this	thesis	I	investigate	changes	in	the	time	of	reproductive	cessation	in	

response	to	IF.	

Mechanisms	of	reproductive	senescence

	 Stem	cells	are	essential	in	tissue	maintenance	and	regeneration,	thus	changes	in	

their	capacity	to	generate	fresh	cells	may	greatly	impact	tissue	senescence	(Geiger	et	al.	

2014;	Saffrey	2014).	Tissue	aging	is	thought	to	occur,	in	part,	because	stem	cells	undergo	

age	related	decline	of	replicative	ability	(Rando	2006;	Sharpless	and	DePinho	2007;	Boyle	

et	al.	2007).	In	aging	Drosophila	females	and	males	for	example	GSCs	proliferate	at	a	slower	

rate	compared	to	younger	individuals	(Boyle	et	al.	2007).	Similarly	the	activity	of	
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hematopoietic	stem	cells	in	mice	and	neural	stem	cells	in	rats	become	compromised	with	

age	(Geiger	and	Van	Zant	2002;	Hattiangady	and	Shetty	2008).	

	 A	possible	mechanism	by	which	IF	delays	reproductive	cessation	is	through	

modulation	of	speci)ic	subcomponents	of	the	C.	elegans	reproductive	system	.	The	MZ	in	C.	

elegans	hermaphrodites	germline	contains	stem	cells	whose	descendants	differentiate	as	

they	leave	the	MZ.	As	germlines	age,	however,	the	number	of	germ	cells	in	the	MZ	decrease	

suggesting	a	lowering	of	germ	cell	activity	(Luo	et	al.	2010;	Crittenden	et	al.	2006).	

Proliferation	in	the	MZ	has	also	been	shown	to	be	modulated	through	insulin	signaling	in	

response	to	environmental	stimuli	(Michaelson	et	al.	2010;	Dalfó	et	al.	2012).	However,	

prior	to	my	studies	only	the	cell	cycle	rates	of	young	unmated	adult	C.	elegans	were	

reported.	Thus	it	is	not	known	whether	stem	cell	cycling	decreases	in	older	age	individuals,	

and	whether	it	increases	in	response	to	increased	reproductive	output.	It	would	be	

expected	that	the	cell	cycle	rate	adjusts	to	reproductive	demand.	In	C.	elegans	

hermaphrodites	germ	cell	usage	can	be	drastically	increased	by	mating	with	male	worms	

(Hodgkin	and	Barnes	1991).	Continuous	mating	can	increase	reproductive	output	from	300	

to	1000	progeny	and	extend	reproductive	activity	from	six	days	to	twelve	compared	to	

unmated	hermaphrodites	(Hodgkin	and	Barnes	1991;	Hughes	et	al.	2007).	I	thus	predict	

that	this	level	of	increased	progeny	production	would	also	cause	an	increase	in	germ	cell	

cycling.	There	is	a	large	gap	in	the	literature	with	respect	to	changes	in	C.	elegans	

compartments	with	age	or	increased	reproductive	production.	

	 The	)irst	step	to	determine	whether	stem	cell	cycling	in)luences	reproductive	

senescence	is	to	investigate	whether	cell	cycle	rates	change	with	progeny	production.	In	

chapter	three	I	investigate	whether	increased	reproductive	activity	increases	germ	cell	
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divisions	by	measuring	cell	cycle	progression	in	individuals	with	different	levels	of	

reproductive	activity.	My	results	provide	evidence	that	hermaphrodite	germlines	enter	a	

dormant	state	in	which	germ	cells	are	not	actively	cycling.	This	dormant	state	is	present	at	

higher	frequency	in	unmated	hermaphrodites	that	have	depleted	the	majority	of	their	

sperm,	suggesting	a	link	between	germ	cell	cycling	behavior	and	reproductive	activity.	In	

addition	I	)ind	that	mating	induces	changes	in	other	germline	compartments	and	germline	

stem	cell	niche	morphology.	These	results	suggest	germ	cell	behavior	is	linked	to	

reproductive	activity	and	may	play	a	role	in	reproductive	senescence.

Regulation	of	germline	stem	cells

	 A	strong	candidate	for	regulation	of	germline	stem	cell	behavior	is	the	stem	cell	

niche.	The	concept	of	the	stem	cell	niche,	a	specialized	microenvironment	that	controls	

stem	cell	activity,	was	)irst	proposed	over	3	decades	ago	by	Scho)ield	(Scho)ield	1978).	

Advances	in	genetics	and	imaging	techniques	have	allowed	identi)ication	of	stem	cell	niches	

in	various	systems,	which	vary	in	morphology	and	mechanism	(Li	and	Xie	2005;	Morrison	

and	Spradling	2008;	Drummond-Barbosa	2008).	Niches	do	not	simply	provide	molecules,	

they	physically	contact	stem	cells	to	create	a	unique	environment	(Hall	1999;	Li	and	Xie	

2005).	Niches	provide	spatial	and	mechanical	cues	that	in)luence	the	fate	of	stem	cell	

daughters.	The	Drosophila	)ly	testis	niche	is	located	at	the	tip	of	the	testis	and	forms	the	

apical	hub.	The	number	of	hub	cells	decreases	with	age	which	correlates	with	the	slowing	

of	the	GSCs	division	rate	(Wallenfang	et	al.	2006).	The	changes	in	hub	cell	number	not	only	

point	to	the	dynamics	of	the	niche	but	also	suggest	that	niche	architecture	contributes	to	

stem	cell	behavior.	Similarly	the	intestinal	crypt	niche	is	composed	of	Paneth	cells	The	
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number	of	Paneth	cells	are	crucial	in	de)ining	the	niche	(Sato	et	al.	2010).	A	decrease	in	the	

number	of	Paneth	cells	results	in	a	decrease	in	the	number	of	stem	cells	and	the	remaining	

stem	cells	crowd	around	the	remaining	Paneth	cells	(Sato	et	al.	2010).	Stem	cells	are	

believed	to	compete	for	Paneth	cell	surface	which	suggests	that	niche	architecture	plays	an	

important	role	in	stem	cell	maintenance.	These	studies	have	increased	the	basic	

understanding	of	cellular	and	molecular	functions	of	niches,	but	how	they	regulate	self-

renewal	remains	largely	known.

	 	In	the	C.	elegans	germline	the	DTC	provides	the	germline	stem	cell	niche.	The	DTC	

main	body,	the	cap,	maintains	extensive	contact	with	the	distal	most	germ	cells	(Crittenden	

et	al.	2006;	Byrd	et	al.	2014).	A	central	and	intriguing	feature	of	the	DTC	is	its	thin	tentacle-

like	processes	that	extend	proximally	and	contact	germ	cells	further	from	the	cap.	DTC	

processes	begin	to	extend	proximally	as	worms	enter	adulthood	and	continue	rapid	growth	

in	the	)irst	three	days,	some	reaching	the	MZ	boundary	(Crittenden	et	al.	2006).	Nothing	is	

known	about	the	functional	signi)icance	of	the	DTC	processes	but	it	has	been	speculated	

that	they	control	germ	cell	behavior.	Evidence	has	provided	support	for	niche	architecture	

as	an	important	component	in	stem	cell	regulation.

	 	In	chapter	four	I	investigate	DTC	process	growth	by	)irst	developing	a	worm	

immobilization	device	that	allows	long	term	imaging	of	the	DTC	with	minimal	perturbation	

to	germline	function.	I	then	show	dynamic	DTC	process	growth	in	both	distal	and	proximal	

directions	that	have	not	been	reported	previously.		
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Chapter	2

Intermittent	fasting	can	delay	reproductive	cessation	without	reducing	brood	size	

Abstract

	 One	of	the	)irst	aging	phenotypes	experienced	by	humans	is	reproductive	decline.	

Model	organisms	such	as	C.	elegans	have	been	valuable	in	identifying	factors	that	regulate	

longevity.	Caloric	restriction	(CR)	has	been	consistently	shown	to	increase	longevity	in	a	

number	of	organisms	including	C.	elegans.	One	of	the	hallmarks	of	CR	is	that	it	delays	

reproductive	cessation	but	at	the	expense	of	brood	size.	There	is	growing	interest	in	

intermittent	fasting	(IF).	Although	studies	have	shown	IF	to	extend	life	span,	further	

exploration	is	needed	to	determine	whether	IF	can	delay	reproductive	cessation.	Here	we	

develop	a	micro)luidic	chip	with	which	we	can	quantify	the	number	of	progeny	from	

individual	worms	to	investigate	the	impact	of	IF	on	reproductive	cessation.	Our	results	

demonstrate	that	IF	delays	reproductive	cessation	in	a	fasting	frequency	dependent	

manner.	We	also	identify	a	speci)ic	IF	regimen	that	extends	reproductive	span	without	

sacri)icing	brood	size.	Our	)indings	suggest	that	the	trade	off	between	reproductive	

longevity	and	brood	size	can	be	circumvented	by	IF.
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Introduction

	 CR	is	one	of	the	most	effective	interventions	to	increase	life	span	and	has	been	

observed	in	a	wide	range	of	organisms	including	worms	(Klass	1977;	Lee	et	al.	2006)	and	

more	recently	in	primates	(Colman	et	al.	2009).	CR	delay	of	reproductive	cessation	results	

in	a	dramatic	decrease	in	total	brood	size	(Klass	1977;	Reznick	et	al.	2004;	Hughes	et	al.	

2007).	Similarly	IF	has	been	shown	to	extend	life	span	and	health	span.	Interestingly,	IF	was	

recently	shown	to	extend	life	span	in	C.	elegans	through	signaling	pathways	that	only	

partially	overlap	with	those	elicited	through	CR	(Honjoh	et	al.	2009).	Aging	studies	have	

largely	focused	on	somatic	aging	with	much	less	attention	being	paid	to	reproductive	aging	

let	alone	the	impact	of	IF	on	reproductive	cessation.	Since	reproductive	success	is	essential	

for	organismal	)itness,	dissection	of	reproductive	cessation	will	provide	valuable	insights	

into	the	aging	process.	Here	I	characterize	the	effects	of	IF	on	reproductive	cessation	and	

determine	whether	IF	can	extend	reproductive	activity	without	sacri)icing	brood	size.		

	 C.	elegans	longevity	can	be	modulated	by	CR	and	IF,	making	it	an	ideal	model	system	

to	investigate	the	impact	food	availability	on	reproductive	aging.	A	major	limitation	lies	in	

the	inability	to	provide	dynamic	food	patterns.	Current	worm	culture	methods	control	food	

availability	on	solid	or	liquid	medium,	or	use	genetic	manipulations	to	limit	food	intake.	

Solid	medium	can	be	utilized	to	enforce	fasting	periods,	eliminating	the	bacterial	food	

source	(Kaeberlein	et	al.	2006),	or	to	enforce	CR	using	serially	diluted	bacterial	lawns	

(Greer	et	al.	2007).	Initial	CR	studies	in	C.	elegans	utilized	liquid	medium	with	food	

availability	restricted	by	dilution	of	bacteria	(Klass	1977).	More	recently	axenic	medium	

and	chemically	de)ined	liquid	medium	have	been	developed	and	shown	to	induce	a	CR-like	
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phenotype	in	C.	elegans	(Houthoofd	et	al.	2002;	Szewczyk	et	al.	2006).	The	worm	mutant	

eat-2	has	reduced	pharyngeal	pumping	rate	and	decreased	food	intake	making	it	a	genetic	

model	for	CR	studies	(Avery	1993).	

	 The	present	culturing	methods	enable	caloric	restriction	in	a	static	fashion,	by	

providing	a	constant	food	concentration	throughout	a	worm’s	life	span.	In	some	instances	

studies	have	alternated	between	two	feeding	states,	well	fed	and	starvation,	but	on	the	

scale	of	days.	It	is	feasible	to	manually	switch	individuals	between	fasting	and	feeding	

states,	on	the	scale	of	hours	or	minutes,	within	a	short	time	frame	(Kopito	and	Levine	2013;	

Uno	et	al.	2013)	but	impractical	to	carry	out	for	the	duration	of	the	worm	reproductive	life	

span,	thus	making	life	long	IF	experiments	technically	dif)icult.	To	overcome	these	culturing	

dif)iculties	we	developed	a	micro)luidic	chip	that	allows	programmed	control	of	dynamic	

food	patterns	delivered	to	individual	worms	using	a	dual	syringe	pump	system	that	

alternates	between	rich	and	poor	food	media.	To	track	embryo	laying	events	in	real	time,	I	

)irst	designed	in	collaboration	with	Philip	Thomas	(Hui	laboratory)	a	micro)luidic	setup	

including	a	worm	habitat	that	provides	for	immediate	removal	of	laid	embryos,	and	

channels	that	provide	for	live	video	capture	of	these	embryos	as	they	exit	the	device.	To	

ensure	that	the	reproductive	cessation	I	measured	was	not	simply	due	to	sperm	depletion,	I	

used	young	adult	hermaphrodites	that	are	mated	prior	to	loading	into	the	micro)luidic	

device.	Using	this	experimental	setup,	I	derived	evidence	that	reproductive	activity	is	

sensitive	to	IF	patterns	and	that	reproductive	cessation	can	be	delayed	without	a	reduction	

in	brood	size.
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Methods

Design	rationale

	 We	designed	worm	habitat	dimensions	that	would	allow	1)	free	movement	of	

worms	in	any	direction,	2)	retention	of	the	parent	worm	under	a	continuous	media	)low,	

and	3)	fast	removal	of	embryos	from	the	habitat.	The	similarity	between	adult	

hermaphrodite	width,	which	can	reach	up	to	80µm,	and	the	dimensions	of	the	embryos,	

~50	µm	long	with	a	diameter	of	30	µm,	required	careful	tuning	of	device	dimensions.	The	

worm	habitat	and	upstream	areas	are	100	microns	high	since	a	lower	value	leads	to	

constant	compression	of	adults	and	shortens	their	life	span.	The	loading	channels	have	

cross-sectional	area	of	80	x100	microns	to	avoid	loading	damage	to	adult	worms.	The	

habitat	splits	into	four	outlets	with	cross	section	35x50	microns.	The	sharp	drop	in	cross-

sectional	area	downstream	of	the	habitat	prevents	adult	worms	from	escaping,	and	the	

multiple	outlets	help	to	clear	the	eggs	which	are	frequently	laid	in	groups	of	two	to	three.	

The	device	contains	a	single	media	inlet	that	splits	into	20	individual	channels	and	evenly	

distributes	media	into	each	worm	habitat.	The	channels	upstream	of	the	habitats	are	large	

enough	to	facilitate	passage	of	young	adult	hermaphrodites	with	minimal	constriction.

Device	fabrication

	 The	micro)luidic	device	was	made	using	PDMS	soft	lithography.	In	brief,	SU-8	3000	

(MicroChem)	was	spun	to	create	the	50	micron	layer	and	exposed	through	a	transparency	

photomask(CAD/Art)	on	a	Karl	Suss	MA-56	mask	aligner.	After	the	post-exposure	bake,	the	

second	50	micron	layer	was	added	and	exposed	using	its	own	photomask.	The	rest	of	the	
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steps	in	the	SU-8	3000	series	protocol	were	followed	as	normal.	These	master	molds	were	

passivated	overnight	in	a	vacuum	chamber	using	1,1,2,2-tetrahydrooctyl-1-triethoxysilane.	

3mm	high	devices	were	cast	from	Sylgard	184	(Dow	Corning)	and	23	gauge	holes	were	

cored	using	a	biopsy	punch	(Syneo).	These	devices	were	cleaned	and	plasma	bonded	to	

standard	microscope	slides	using	an	air	plasma	(Harrick).	From	here	straight	stainless	steel	

pins	(New	England	Small	Tube)	were	used	to	connect	the	tubing	to	the	device	ports.

Worm	loading	and	media	preparation

	 C.	elegans	N2	hermaphrodites	were	cultured	on	NGM	agar	as	previously	described	

(Brenner	1974),	staged	for	mating	4	hours	after	L4,	and	mated	with	young	adult	males	(L4	

+	1	day)	for	8	hours.	The	resulting	mated	hermaphrodites	were	loaded	into	the	device	inlet	

port	and	individually	drawn	into	habitats.	To	load	worms	individually,	the	corresponding	

outlet	tubing	to	a	habitat	was	lowered	to	create	a	gentle	suction	that	would	draw	a	worm	

straight	from	the	inlet	into	a	habitat.	JW1025-1	or	HB101	E.	coli	strains	were	grown	

overnight	to	OD	5.0	in	Luria-Bertrani	medium	with	kanamycin	or	streptomycin,	

respectively.	Bacterial	pellets	were	spun	down	and	resuspended	in	S-medium,	pre-)iltered	

through	a	5.0	micron	)ilter,	and	brought	to	1e10	cells/mL	(OD	10.0).	Depending	on	the	type	

of	experiment,	one	or	more	syringes	)illed	with	different	concentrations	of	E.	coli	and	a	

PTFE	stir	bar	were	utilized.	Syringes	were	placed	on	syringe	pumps	and	in	the	vicinity	of	a	

stir	plate	so	that	the	media	could	be	constantly	stirred.	Each	syringe	then	connected	to	an	

inline	bubble	trap	through	a	2.0	micron	syringe	)ilter	(IDEX),	and	from	there	connected	to	

its	own	device	inlet	port	using	gas	permeable	silicone	tubing	(Cole-Parmer).	
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Long	term	imaging

	 Since	C.	elegans	development	and	feeding	is	sensitive	to	temperature	and	blue	light	

(Klass	1977;	Ward	et	al.	2008),	the	micro)luidic	chip	was	imaged	on	a	dissection	scope	

camera	with	)iber	optic	red	light	illumination,	and	all	components	were	placed	inside	a	

20°C	incubator.	Syringe	)low	rates	were	set	to	400	µL	per	hour	(Harvard	Apparatus),	and	

switching	between	different	syringes	was	controlled	through	a	custom	script.	Media	

syringes	were	changed	once	a	day,	replacing	the	syringe,	media,	2.0	micron	)ilter,	bubble	

trap,	and	inlet	tubing.	At	least	once	per	experiment	waste	was	collected	from	each	of	the	

outlet	ports,	transferred	onto	agar	plates,	and	checked	after	48	hours	for	the	presence	of	

male	L4	offspring	to	verify	if	a	particular	worm	was	mated	successfully.

Statistics

Error	bars	were	computed	using	83%	con)idence	intervals	and	stars	indicate	signi)icance	of	

p-value	computed	using	the	Wilcoxon	rank	sum	test	through	the	R	project.
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Results

Device	design

	 Micro)luidic	devices	have	been	a	powerful	tool	for	in	vivo	studies,	permitting	short	

term	immobilization	of	C.elegans	for	imaging	and	physiological	analysis	(Zeng	et	al.	2008;	

Gilleland	et	al.	2010;	Wong	et	al.	2013).	Micro)luidic	devices	have	also	been	utilized	for	long	

term	culture	to	track	entire	life	span	(Wen	et	al.	2014;	Hulme	et	al.	2010).	Until	recently	

micro)luidic	devices	lacked	the	ability	to	assay	reproductive	capacity	of	worms.	One	study	

introduced	a	micro)luidic	chip	that	con)ined	embryos;	however	hatching	events	could	only	

be	quanti)ied	for	only	the	early	portion	of	the	reproductive	life	span	(Kopito	and	Levine,	

2013).	Another	micro)luidic	tracking	system	was	able	to	quantify	embryo	hatching	events	

for	the	entirety	of	the	reproductive	life	span	(Li	et	al.	2014).	Here	we	report	a	micro)luidic	

device	designed	to	accommodate	twenty	worms;	unlike	previously-published	devices,	it	

allows	tracking	of	embryo	laying	events	in	real-time	while	applying	dynamic	food	patterns.	

We	designed	a	habitat	with	a	restriction	exit	large	enough	to	allow	embryo	passage	but	

small	enough	to	restrict	the	parent	worm.	Every	worm	habitat	was	designed	with	four	exit	

ports	that	link	to	a	single	exit	channel	that	permits	progeny	collection	on	a	worm	by	worm	

basis.

Automated	food	delivery	and	embryo	detection	in	real-time

	 A	major	limitation	of	present	worm	culture	methods	is	the	inability	to	present	

dynamic	food	patterns	to	worms.	Micro)luidic	chips	can	provide	a	platform	for	automated	

delivery	of	IF	patterns	that	would	otherwise	be	impractical	(Figure	2.1i).	To	achieve	precise	

control	and	delivery	of	food	medium	on	the	scale	of	minutes	we	utilized	a	programmable	
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dual	syringe	pump	system.	The	)irst	syringe	contains	bacterial	food	source	at	1e10	cells	

mL-1	(Figure	2.1ii)	while	the	second	syringe	contains	only	S	medium	(Figure	2.1iii).	Each	

syringe	connects	to	a	bubble	trap	(Figure	2.1iv)	which	is	then	connected	to	the	micro)luidic	

chip	inlet.	Syringe	pumps	are	programmed	to	alternate	between	on	and	off	states	and	

dispense	media	so	that	each	worm	habitat	experiences	a	constant	)low	rate	of	20	µL/h	

throughout	the	experiment,	which	ef)iciently	)lushes	out	embryos	while	allowing	parent	

worms	to	move	freely.	Lower	)low	rates	tested,	10	µL/h	and	15	µL/h,	allowed	worm	

movement	but	were	not	suf)icient	to	immediately	)lush	out	the	embryos.	For	the	control	

experiment	worms	were	presented	with	food	continuously,	using	a	single	syringe	

containing	the	desired	food	concentration.	

	 Analysis	of	embryo	laying	events	in	real-time	relies	on	continuous	video	acquisition	

of	habitat	exit	channels	to	capture	embryos	as	they	are	)lushed	out	(Figure	2.1vi).	

Continuous	video	capture	over	the	reproductive	life	span	results	in	large	video	)iles	that	

would	be	dif)icult	to	analyze	in	a	timely	fashion.	To	minimize	the	video	footage	we	)irst	

restricted	video	capture	to	an	embryo	observation	zone	(Figure	2.1vii)	close	to	channel	

exits.	We	further	)iltered	video	frames	lacking	embryos	using	an	algorithm	that	detects	

movement	in	real	time	(Figure	2.1viii).	Each	individual	channel	in	the	resulting	video	

frames	containing	embryo	movement	was	then	cropped.	Embryo	“candidates”	were	)irst	

identi)ied	by	an	automated	analysis	that	also	provided	a	measurement	of	their	area	(Figure	

2.1x).	To	ensure	high	accuracy,	embryo	candidates	were	then	manually	curated	(Figure	

2.1ix).
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Figure	2.1.	Food	regimen	control	and	embryo	laying	detection	in	real-time.	(i-viii)	Schematic	of	
experimental	set-up.	(i)	Up	to	20	mated	hermaphrodites	are	loaded	into	the	micro)luidic	chip,	1	
worm	per	habitat.	(ii-iii)	Food	delivery	to	micro)luidic	chip	is	controlled	using	two	syringe	pumps.	
The	)irst	pump	delivers	medium	with	food	(1e10	E.	coli	cells/mL	in	S	medium),	while	the	second	
pump	delivers	S	medium	only.	Syringe	pumps	are	programmed	to	alternate	between	periods	of	on	
and	off	states	at	desired	time	intervals.	(iv)	Silicone	tubing	connects	the	syringe	to	an	air-bubble	
trap	which	is	then	connected	to	the	worm	micro)luidic	chip.	(v)	Media	)lows	continuously,	)lushing	
embryos	out	which	are	then	collected	and	plated	for	each	channel.	(vi-viii)	Continuous	video	
recording	captures	embryos	as	they	travel	through	observation	zone	in	real-time.	(ix-x)	Video	
processing	pipeline.	Raw	footage	is	processed	using	a	movement	detection	algorithm;	footage	
containing	movement	is	stored	to	disk.	An	automated	embryo	detection	algorithm	is	applied	to	the	
embryo	footage;	embryo	“candidates”	undergo	manual	review	to	determine	the	reproductive	
schedule	for	each	worm.	
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Optimization	of	device	culture	conditions

	 I	determined	micro)luidic	device	conditions	that	would	allow	reproductive	output	

comparable	to	worms	cultured	on	solid	medium.	C.	elegans	reproductive	output	as	well	as	

life	span	is	sensitive	to	bacterial	concentration	in	liquid	medium	(Klass	1977).	I	)irst	set	out	

to	determine	proper	liquid	medium	food	concentration	that	would	allow	worms	to	produce	

brood	size	comparable	to	solid	culture.	I	tested	two	food	concentrations,	1e9	cells	mL-1	and	

1e10	cells	mL-1,	and	assayed	reproductive	activity.	Worms	cultured	with	a	food	

concentration	of	1e10	cells	mL-1	produced	a	brood	size	comparable	to	that	of	worms	kept	

on	solid	medium	and	thus	fed	“ad	libitum”	(Figure	2.2A).	HB101	has	been	established	as	a	

high	quality	food	source	for	worms	(Shtonda	and	Avery	2006),	and	was	initially	tested	

under	our	micro)luidic	conditions.	Trials	with	HB101,	however,	displayed	a	high	prevalence	

of	biofouling	within	our	chip,	disrupting	media	)low	and	preventing	adequate	food	delivery	

to	worms	(Figure	2.2B).	I	next	tested	E.	coli	strain	JW1025-1,	which	lacks	curli,	adhesive	

)imbrial	structures,	and	is	well	characterized	for	reduced	bio)ilm	formation	(Saldaña	et	al.	

2009).	I	cultured	young	mated	adult	worms	in	the	micro)luidic	device	with	a	JW1025-1	

concentration	of	1e10	cells	mL-1	in	S	medium	and	did	not	detect	any	biofouling	(Figure	

2.2B).	I	did	however	notice	a	high	incidence	of	embryo	accumulation	in	several	of	the	worm	

habitats.	A	small	subset	of	habitats	did	not	have	embryo	accumulation	which	suggested	that	

the	habitat	exits	were	large	enough	to	allow	embryo	passage.	I	thus	hypothesized	that	

embryo	stickiness	(noted	by	Cox	and	Hardin,	2004;	see	also	Figure	2.2C)	was	the	most	

likely	cause	of	the	problem.	To	test	if	embryo	accumulation	was	due	to	embryo	sticking	I	

incorporated	Tween-80,	which	has	been	proven	to	be	non-toxic	in	various	species	

(Thackaberry	et	al.	2010),	to	minimize	that	stickiness.	I	tested	0.1%	and	0.5%	Tween-80,	
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and	found	that	concentration	0.5%	was	suf)icient	to	)lush	out	embryos	from	the	worm	

habitat	(Figure	2.2C).	I	also	noticed	that	the	natural	exploration	behavior	of	

hermaphrodites	(Qin	and	Wheeler	2007)	caused	their	anterior	or	posterior	ends	to	

temporary	clog	the	habitat	exit,	resulting	in	signi)icant	reduction	or	complete	stoppage	of	

media	)low	(Figure	2.2D).	To	remedy	worm	clogging	of	the	habitat	exit	we	designed	a	

habitat	with	multiple	exit	ports.	Incorporating	four	exit	ports	provides	an	open	passage	to	

maintain	media	)low	in	the	event	that	the	parent	worm	temporarily	clogs	one	of	the	ports.				

	 Since	C.	elegans	has	been	shown	to	be	sensitive	to	different	bacterial	food	sources	

with	respect	to	development	and	reproductive	schedule,	I	next	set	out	to	determine	if	

JW1025-1	negatively	affected	reproductive	schedule.	To	test	this	I	cultured	worms	on	solid	

medium	with	either	JW1025-1	or	HB101	bacteria	for	at	least	3	generations	and	then	

tracked	the	reproductive	activity	of	selfed	and	mated	hermaphrodites	(Figure	2.3A-B).	The	

reproductive	schedule	of	selfed	hermaphrodites	feeding	on	JW1025-1	was	virtually	

identical	to	that	on	HB101.	Mated	hermaphrodites	fed	JW1025-1	had	an	increase	in	daily	

brood	size	later	in	reproductive	life	and	increased	in	total	brood	size.	This	shows	that	

JW1025-1	does	not	negatively	affect	brood	size	of	worms	and	is	a	suitable	food	source.

	 I	next	asked	whether	the	presence	of	Tween-80	in	our	micro)luidic	culture	

signi)icantly	affected	brood	size.	Previous	)indings	demonstrated	that	worm	viability	is	not	

signi)icantly	reduced	by	Tween	concentrations	up	to	2%	(Katiki	et	al.	2011).	To	test	

whether	0.5%	Tween-80	has	any	negative	effects	on	reproductive	output	I	loaded	young	

mated	adult	hermaphrodites	in	the	micro)luidic	chip	and	cultured	with	or	without	0.5%	

Tween-80	for	the	entire	reproductive	life	span	(Figure	2.3C-D).	Total	brood	size	with	0.5%	

Tween-80	was	not	signi)icantly	different	to	that	without	Tween-80.
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Figure	2.2.	Micro)luidic	chip	conditions	optimized	for	C.	elegans	culture.	(A)	Worms	cultured	in	
1e10	cells/mL	of	food	source	have	a	mean	total	brood	size	that	is	comparable	to	that	on	solid	
medium.	(B)	HB101	in	liquid	culture	produced	biofouling	in	the	chip	and	prevented	proper	food	
delivery	to	worms.	(C)	Bacterial	strain	JW1025-1	does	not	produce	biofouling,	but	a	high	
frequency	of	embryo	clumping	in	worm	habitats	(green	arrow	head)	prevented	measurement	of	
real-time	embryo	laying	events.	Supplementing	media	with	0.5%	Tween-80	eliminates	embryo	
clumping	in	worm	habitats.	(D)	Natural	worm	movement	periodically	plugs	the	single	exit	habitat,	
signi)icantly	disrupting	media	)low.	Multiple	habitat	exit	ports	prevent	plugging	of	exit	channel	and	
allow	uninterrupted	media	)low.
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Figure	2.3.	Brood	sizes	under	different	conditions	relevant	to	culture	on	micro)luidic	chips.	
(A-B)	Daily	and	total	brood	sizes	of	selfed	and	mated	hermaphrodites	are	not	strongly	affected	by	
feeding	HB101	or	JW1025-1.	(C-D)	Tween-80	at	a	concentration	of	0.5%	does	not	signi)icantly	
affect	daily	and	total	brood	sizes.
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IF	delays	reproductive	cessation	without	decreasing	brood	size

	 I	next	set	out	to	apply	an	IF	regimen	to	worms	in	the	micro)luidic	device	and	track	

reproductive	activity	in	real-time.	Trial	experiments	with	HB101	revealed	that	IF	extends	

reproductive	span	to	various	degrees,	in	a	way	that	depends	on	fasting	frequency.	

Interestingly	one	IF	regimen,	alternating	between	six	hours	of	full	E.	coli	feeding	and	one	

hour	of	starvation,	gave	a	modest	extension	of	mean	reproductive	span	and	produced	a	

brood	size	that	did	not	signi)icantly	differ	from	control	(Figure	2.4A-B).	Applying	a	one	hour	

IF	interval	signi)icantly	increased	mean	reproductive	span	by	45%	compared	to	the	

continuously	fed	control	(Figure	2.4D).	This	one	hour	IF	interval	however	signi)icantly	

reduced	total	brood	size,	by	32%.	Regimens	with	fasting	every	six	hours	or	every	ten	

minutes	did	not	signi)icantly	extend	reproductive	span	(Figure	2.4D).	I	repeated	the	6h-1h	

IF	regimen	utilizing	bacterial	strain	JW1025-1,	which	yielded	comparable	results	to	those	

obtained	with	HB101	(25%	extension	of	reproductive	activity	and	no	signi)icant	drop	in	

total	brood	size;	Figure	2.5B-C).	In	addition,	analysis	of	embryo	size	revealed	that	IF	

individuals	have	a	9%	reduction	in	embryo	area	compared	to	the	control	group	(Figure	

2.6).
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Figure	2.4.	Daily	and	total	brood	sizes	of	mated	hermaphrodites	under	IF	treatments.	(A-D)	Young	
adult	hermaphrodites	were	mated	and	transferred	to	a	chip	and	either	fed	continuously	(1e10	or	
5e9	cells/mL	HB101)	or	given	an	IF	regimen	(alternating	between	1e10	cells/mL	and	fasting	
periods).	(B)	6h-1h	IF	regimen	extends	reproductive	span	with	no	signi)icant	change	in	brood	size	
compared	to	continuously	fed	individuals.	(C-D)	6h-6h	or	10min-10min	IF	regimens	do	not	
signi)icantly	increase	reproductive	span.	Interestingly,	1h-1h	IF	does	signi)icantly	increase	
reproductive	span.
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Figure	2.5.	Reproductive	span	and	brood	sizes	of	hermaphrodites	under	IF.	(A-C)	Young	adult	
hermaphrodites	were	mated	and	transferred	into	a	chip	and	were	given	either	an	IF	regimen	
(alternating	between	6hrs	of	1e10	cells/mL	JW1025-1	and	1hr	of	fasting)	or	a	continuous	food	
regimen	(8.57e9	cells/mL	JW1025-1).	(B)	Length	of	reproductive	activity	is	signi)icantly	extended,	
by	25%,	when	IF	regimen	is	applied.	(A-C)	Interestingly	there	is	no	decrease	in	daily	or	total	brood	
size	in	the	IF	treatment	when	compared	to	the	control.
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Figure	2.6.	Embryo	size	of	hermaphrodites	under	6h-1h	IF.	(A-B)	Mean	embryo	size	of	
hermaphrodites	given	an	IF	regimen	alternating	between	6hrs	of	1e10	cells/mL	JW1025-1and	1hr	
of	fasting	is	signi)icantly	reduced	compared	to	hermaphrodites	continuously	fed	the	same	average	
food	concentration	(8.57e9	cells/mL	JW1025-1).
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Discussion

	 Previous	studies	have	utilized	a	static	food	source	to	modulate	reproductive	span	

(Klass	1977;	Johnson	et	al.	1984;	Lee	et	al.	2006).	Although	it	is	well	understood	that	

reduced	food	availability	delays	reproductive	aging,	it	was	not	known	whether	IF	provides	

any	reproductive	life	span	bene)its.	Here	I	introduced	a	micro)luidic	platform	capable	of	

delivering	IF	throughout	a	worm’s	life	span	and	document	reproductive	activity	in	real	

time.	I	)irst	established	micro)luidic	chip	conditions	adequate	for	long	term	worm	culture	

and	reproductive	activity	comparable	to	solid	culture	conditions.	Previously	reported	

micro)luidic	chips	have	signi)icantly	lower	brood	size	compared	to	solid	food	culture	

conditions	(Hulme	et	al.	2010;	Li	et	al.	2014).	A	common	feature	of	previous	micro)luidic	

devices	was	that	they	delivered	a	solution	with	food	concentration	of	1e9	cells	mL-1.	The	

most	recent	example	being	a	micro)luidic	chip	which	tracked	reproductive	output	of	

unmated	hermaphrodites	and	reported	a	lower	average	brood	size,	200	progeny	(Li	et	al.	

2014),	compared	to	280	progeny	with	our	1e10	cells	mL-1	culture	(Figure	2.2A).	A	possible	

reason	for	the	low	reproductive	output	of	previously	reported	micro)luidic	culture	systems	

is	inadequate	food	concentration:	I	determined	that,	under	the	experimental	conditions	I	

used,	the	optimal	food	concentration	was	higher	than	others	have	used.	This	suggests	that	

previous	studies	are	reporting	data	on	worms	experience	CR,	which	should	be	borne	in	

mind	when	interpreting	their	)indings.	

	 Reducing	caloric	intake	is	known	to	extend	reproductive	activity	of	several	

organisms,	but	that	is	generally	associated	with	a	drastic	decrease	in	total	brood	size	(Klass	

1977;	Chippindale	et	al.	1993;	Bishop	and	Guarente	2007).	An	important	aspect	of	aging	
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research	is	not	only	to	simply	extend	life	span	but	to	maintain	normal	tissue	function.	Here	

I	report	reproductive	bene)its	afforded	by	a	speci)ic	IF	regimen.	My	results	show	that	

different	IF	frequencies	can	vary	reproductive	schedule	and	total	reproductive	output.	By	

providing	IF	at	one	hour	intervals	we	signi)icantly	extended	reproductive	span	of	mated	

hermaphrodites,	but	as	in	CR	it	also	drastically	decreases	total	brood	size.	By	contrast,	a	

6h-6h	IF	regimen	did	not	signi)icantly	extend	reproductive	span	nor	did	it	decrease	total	

brood	size.	This	shows	that	reproductive	span	can	be	modulated	through	not	only	the	total	

number	of	calories	but	the	food	pattern	presented.	Most	interesting	is	the	result	that	by	

applying	a	one	hour	fasting	period	every	six	hours	I	was	able	to	delay	reproductive	

cessation	without	decreasing	total	brood	size	of	mated	hermaphrodites.	This	is	in	contrast	

to	previous	studies	that	consistently	demonstrate	a	signi)icant	decrease	in	brood	size	after	

CR	(Friedman	and	Johnson	1988;	Austad	1989;	Reznick	et	al.	2004;	Burger	et	al.	2007).

Extension	of	reproductive	activity	without	reducing	brood	size	had	only	been	observed	in	C.	

elegans	by	genetic	manipulation,	in	a	daf-16;	daf-2	background	(Hughes	et	al.	2007),	by	

exposure	to	ethosuximide	(an	anticonvulsant	that	affects	neural	activity),	or	by	culturing	

worms	at	a	cold	temperature	(Evason	et	al.	2005;	Hughes	et	al.	2007).	Similar	results	have	

been	derived	in	Drosophila.	D.	melanogaster	females	carrying	a	heterozygous	loss	of	

function	in	the	gene	Indy	are	long	lived	and	produce	more	offspring	over	a	longer	period	of	

time	(Rogina	et	al.	2000).	The	C.	elegans	homolog	of	Indy,	NaDC2,	was	also	shown	to	extend	

life	span	of	worms	however	no	reports	of	extended	progeny	production	(Fei	et	al.	2003).	

Flies	carrying	an	EcR	mutation	also	have	increased	life	span,	fecundity	and	fertility	(Simon	

et	al.	2003).	My	results,	however,	are	the	)irst	to	show	extended	reproductive	span	without	

reduction	in	brood	size	in	response	to	food	availability.	It	will	be	highly	interesting	to	
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identify	genetic	pathways	and	cellular	mechanisms	through	which	IF	acts	to	extend	

reproductive	span.

	 Reproductive	aging	in	C.	elegans	is	also	marked	by	decline	in	oocyte	quality	(Andux	

et	al.	2008;	Luo	et	al.	2011).	Studies	have	demonstrated	a	correlation	between	oocyte	size	

and	oocyte	quality:	the	smaller	the	egg	the	higher	the	increase	in	embryonic	mortality	

(Andux	et	al.	2008).	My	)indings	show	a	decrease	in	embryo	size	from	the	IF	treatment.	

Future	experiments	aim	to	recover	embryos	from	the	chip	and	determine	if	there	is	a	

decrease	in	embryo	viability.	This	will	aid	in	characterizing	the	trade	offs	between	embryo	

quality	and	reproductive	activity.			

	 My	results	are	of	interest	with	respect	to	evolutionary	theories	of	aging.	The	

disposable	soma	theory	proposes	a	metabolic	tradeoff	between	reproduction	and	aging	

(Kirkwood	1977).	Similarly	the	antagonistic	pleiotropy	theory	proposes	a	trade	off	between	

early	and	late	reproduction	(Williams	1957).	My	results	indicate	that	the	apparent	trade	off	

between	reproductive	aging	and	brood	size	may	be	avoided,	which	challenges	leading	aging	

theories.	This	apparent	paradox	may	be	resolved	by	considering	maternal	investment	in	

embryos,	which	is	perhaps	re)lected	in	embryo	size.	Overall,	future	experiments	using	the	

system	that	I	established	will	enable	a	number	of	future	studies	of	C.	elegans	reproductive	

aging.

31



Chapter	3

Characterization	of	C.	elegans	germline	compartments	and	reproductive	activity.

Abstract

	 Little	is	known	about	the	regulation	of	the	germ	cell	cycling	in	the	mitotic	zone	(MZ)	

or	of	the	number	of	germ	cells	in	different	compartments	of	the	C.	elegans	germline.	These	

compartments	are	de)ined	as	the	MZ	and	various	zones	corresponding	to	different	stages	of	

meiosis:	the	transition	zone	(TZ),	the	pachytene	region	(PR),	and	the	diplotene	region	(DR).	

The	MZ	contain	mitotically	cycling	germ	cells	that	become	displaced	proximally	into	the	TZ.	

Germ	cells	displaced	into	the	TZ	begin	differentiation	and	enter	meiotic	prophase	I,	and	

progress	through	meiosis	until	they	reach	the	DR.	Hermaphrodites	have	been	shown	to	

experience	a	decrease	in	MZ	germ	cell	number	with	age,	which	could	be	due	in	part	to	a	

decrease	in	germ	cell	cycling.	Because	changes	in	germline	stem	cell	activity	may	be	related	

to	reproductive	aging,	I	)irst	decided	to	ask	how	germ	cell	cycling	responds	to	increased	

reproductive	activity.	Speci)ically,	I	analyzed	germ	cell	cycle	rates	in	mated	hermaphrodites	

and	in	unmated,	self-fertilizing	hermaphrodites	at	the	beginning	and	middle	of	their	

reproductive	life	span.	Increasing	reproductive	activity	by	mating	hermaphrodites	did	not	

signi)icantly	increase	the	cell	cycle	rate	of	cells	in	actively	cycling	MZ.	Instead	I	found	that	

MZ	from	mated	individuals	stay	in	an	active,	constantly	cycling	state,	unlike	those	from	

unmated	individuals	that	switch	back	and	forth	between	an	actively-cycling	state	and	a	

dormant	state.	Since	increasing	oocyte	fertilization	alters	cycling	I	then	asked	if	it	also	

affects	cell	numbers	in	the	different	germline	compartments.	I	found	that	mated	individuals	

displayed	reorganization	of	germline	compartments	and	changes	in	germ	cell	niche	

morphology	that	are	independent	of	progeny	production,	and	that	may	be	consistent	with	
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anticipation	of	increased	reproductive	activity.	Overall,	I	demonstrate	the	existence	of	

intriguing	new	regulatory	links	between	reproductive	activity	and	germ	cell	cycling	and	

differentiation.					
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Introduction

	 To	further	our	understanding	of	mechanisms	by	which	IF	can	delay	reproductive	

cessation,	I	investigated	changes	in	stem	cell	cycling	and	in	the	makeup	of	compartments	of	

the	C.	elegans	reproductive	system	in	response	to	modulation	of	reproductive	activity.	Such	

changes	may	be	in	part	responsible	for	the	delay	of	reproductive	cessation	observed	under	

some	IF	conditions.	The	germline	stem	cells	for	example	have	been	shown	to	in)luence	

aging	of	the	soma	in	C.	elegans	hermaphrodites	(Arantes-Oliveira	et	al.	2001).	Consistent	

with	these	studies,	decreased	cycling	in	older	mammals	and	Drosophila	implicate	a	link	

between	stem	cell	cycling	and	aging	(Rando	2006;	Sharpless	and	DePinho	2007;	Boyle	et	al.	

2007).	In	C.	elegans,	size	of	the	MZ	can	be	modulated	through	insulin	signaling	and	

germline	shrinkage	can	be	induced	by	starvation	(Angelo	et	al.	2009;	Seidel	and	Kimble	

2011;	Dalfó	et	al.	2012).	However	there	is	a	lack	of	knowledge	regarding	the	changes	in	the	

germline	makeup	and	activity	with	age	or	in	response	to	environmental	changes.	It	is	also	

unknown	how	these	germline	changes	are	regulated,	but	the	stem	cell	niche	is	a	likely	

candidate	since	it	maintains	the	MZ	(Kimble	and	Crittenden	2007;	Dalfó	et	al.	2012).	To	

investigate	the	relationship	between	germ	cell	cycling	and	reproductive	activity	I	relied	on	

the	fact	that	reproductive	activity	can	be	modulated	by	mating.	C.	elegans	has	two	naturally-

occurring	sexes:	hermaphrodite	and	male.	Hermaphrodite	worms	can	self-fertilize	with	the	

~300	self	sperm	produced	during	the	last	larval	stages	and	are	also	able	to	receive	

additional	sperm	by	mating	with	male	worms.	Mating	provides	a	method	to	greatly	extend	

hermaphrodite	reproductive	activity	(up	to	two-fold;	Hodgkin	and	Barnes	1991).	The	germ	

cell	cycle	rate	of	young	adult	hermaphrodites	has	already	been	determined	(Crittenden	et	
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al.	2006;	Fox	et	al.	2011;	Chiang	et	al,	2015),	but	it	is	not	known	whether	this	rate	changes	

with	germline	age	or	reproductive	activity	(Crittenden	et	al.	2006;	Fox	et	al.	2011).	Aging	

hermaphrodite	germlines	show	a	decrease	in	the	size	of	their	MZ	and	an	increase	in	the	

number	of	apoptotic	germ	cells,	which	does	suggest	signi)icant	changes	in	germ	cell	

behavior	(Gumienny	et	al.	1999;	Crittenden	et	al.	2006).

	 Here	I	report	that	the	C.	elegans	MZ	can	enter	a	dormant	state	that	is	predominant	in	

individuals	with	low	reproductive	activity.	These	results	show	a	relationship	between	

reproductive	activity	and	MZ	cell	cycling.	In	addition	I	)ind	that	mating	alters	the	size	of	

germline	compartments;	speci)ically,	the	number	of	germ	cells	in	the	PR	is	increased	while	

the	number	of	germ	cells	in	the	TZ	and	DR	is	decreased.	This	change	in	germline	

compartment	makeup	is	independent	of	oocyte	fertilization.	I	also	demonstrate	that	DTC	

length	increases	in	response	to	mating,	independently	of	oocyte	fertilization.	This	germline	

mating	response	suggests	that	there	could	perhaps	be	an	anticipation	mechanism	for	

increased	progeny	production.
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Methods

Worm	strains	and	maintenance

	 Strains	used	were	Bristol	N2,	glp-1(q224	ts)	III;	him-5(e1490)	V	(obtained	by	cross	of	

JK1107,	Austin	and	Kimble,	1987,	and	CB4088,	Hodgkin,	et	al,	1979),	AV125:	spe-8(hc40)	I;	

dpy-4(e1166)	IV	(Stan)ield	and	Villeneuve	2006),	BA17:	fem-1(hc17)	IV	(Ward	et	al.	1986),	

JK2868:	qIs56[lag-2::gfp]	V	(Blelloch	et	al.	1999),	CNQ11:	nos-3	gld-3;	qIs56[lag-2::gfp]	V,	

CNQ12:	gld-2(q497)	gld-1(q485)	I	/[hT2[qIs48](I;III)];	qIs56[lag-2::gfp]	V,	and	CNQ:16	

unc-36,	glp-1/unc-32,glp-1. Strains	were	maintained	as	previously	described	(Brenner	

1974)	using	E.	coli	HB101	as	a	food	source.	Worms	were	staged	at	the	mid-L4	stage	by	

visual	inspection	of	the	vulva.	glp-1(q224);	him-5	males	were	cultured	at	the	permissive	

temperature	15oC.	Hermaphrodite	mating	was	preformed	on	35mm	diameter	plates	

(CC7672-3340,	USA	Scienti)ic,	Ocala,	FL),	at	a	density	of	1:3	hermaphrodite	to	male	ratio.

Immunohistochemistry	and	imaging	of	extruded	gonads

	 To	label	S-phase	germ	cells	we	utilized	the	thymidine	analogue	5-Ethynyl-2’-

deoxyuridine	(EdU;	C10337,	Life	Technologies,	Grand	Island,	NY).	To	prepare	labelled	E.	

coli,	strain	MG1693	was	grown	in	minimal	medium	(Brenner	1974)	supplemented	with	

glucose	(Ito	and	McGhee	1987)	and	75mM	EdU.	Immediately	following	seeding,	plates	were	

stored	at	4oC.	Plates	were	warmed	to	20oC	prior	to	use.	Young	adult	worms,	24	hours	after	

the	last	larval	stage	(L4),	were	fed	EdU-labeled	E.	coli	for	30	minutes	in	the	dark,	pulsed,	

and	returned	to	non-labeled	bacteria	for	experiments	that	required	a	chase.	Germlines	

were	extruded	and	)ixed	and	processed	as	described	(Cinquin	et	al.	2010)	using	0.1	µg/ml	

DAPI	to	label	DNA	and	1:200	anti-PH3	antibody	(9706,	Cell	Signaling,	Beverly,	MA)	to	label	
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M-phase	cells,	and	imaged	at	~0.3	µm	z	intervals	with	LSM	710	or	780	confocal	

microscopes	(Carl	Zeiss	MicroImaging,	Oberkochen,	Germany),	using	a	63x	objective.	

Whole	gonad	imaging	and	scoring	germline	compartments

	 Extruded	germlines	were	)ixed	and	stained	with	0.1	µg/ml	DAPI,	0.16	µM	Alexa	594-

conjugated	Phalloidin	(A12381,	Life	Technologies)	and	1:200	anti-PH3	antibody.	They	were	

imaged	at	0.6	µm	z	intervals	with	LSM	710	or	780	confocal	microscopes	using	a	63x	

objective.	Several	panels	were	imaged	for	each	gonadal	arm	there	were	subsequently	

stitched	(Preibisch	et	al.	2009).	Germline	compartment	boundaries	were	scored	along	the	

distal-proximal	axis	and	were	based	on	nuclei	morphology	from	DAPI	)luorescent	confocal	

stacks.

Cell	cycle	analysis		

	 	A	spatial	cytometry	pipeline	was	used	to	process	images	of	C.	elegans	gonadal	arms	

as	described	(Chiang	et	al,	2015a;	2015b).

Statistics

Error	bars	were	computed	using	83%	con)idence	intervals	and	stars	indicate	signi)icance	of	

p-value	computed	using	the	Wilcoxon	rank	sum	test	through	the	R	project.
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Results

Mating	increases	the	average	germ	cell	cycling	rate	by	reducing	time	spent	by	MZs	in	a	

dormant	state.

	 I	)irst	asked	whether	increasing	reproductive	activity	would	induce	an	increase	in	

germ	cell	cycling.	To	measure	germ	cell	cycle	length	of	mated	and	unmated	individuals	I	

conducted	an	5-Ethynl-2’-deoxyuridine	(EdU)	pulse	chase	experiment.	At	day	one	of	

adulthood	mated	germlines	that	labeled	with	EdU	had	an	average	cell	cycle	length	of	4.9	

hours,	close	to	the	value	of	5.49	hours	for	unmated	germlines	(Figure	3.1A).	I	next	assayed	

cell	cycle	length	at	day	three	of	adulthood,	when	mated	gonads	have	signi)icantly	higher	

reproductive	activity	than	unmated	gonads,	and	when	I	thus	expected	a	substantial	

difference	in	cell	cycle	length	between	mated	and	unmated	gonads.	For	gonads	that	labeled	

with	EdU,	the	average	cell	cycle	length	at	day	3	of	adulthood	was	4.8	hours	for	mated	

germlines	and	5.8	hours	for	unmated	germlines	(Figure	3.1B).	The	small	difference	in	cell	

cycle	length	was	not	signi)icant,	suggesting	that	the	germ	cell	cycle	rate	in	actively-cycling	

gonads	is	independent	of	elevated	reproductive	activity.

	 Surprisingly,	at	day	three	~40%	of	unmated	germlines	lacked	any	EdU	incorporation	

within	1	h	of	labeling,	but	all	germlines	did	label	after	4	h	of	continuous	EdU	labeling	

(Figure	3.1C).	Two	potential	explanations	for	the	lack	of	EdU	incorporation	are	that	worms	

are	not	ingesting	the	EdU	labeled	bacteria,	or	that	at	any	given	time	germlines	are	not	

actively	cycling	and	are	instead	in	a	dormant	state.	An	argument	against	lack	of	food	

ingestion	is	that	both	mated	and	unmated	hermaphrodites	display	similar	pharynx	

pumping	rates	for	the	)irst	5	days	of	adulthood	(Pickett	et	al.	2013).	Analysis	of	cell	cycle	

progression	on	a	germline	by	germline	basis	revealed	desynchronization	in	the	unmated	
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population,	which	was	not	observed	in	the	mated	germline	population	(Figure	3.1D).	These	

results	show	that	increasing	reproductive	activity	does	not	signi)icantly	increase	germ	cell	

cycling	rate	of	active	germlines	but	instead	reduces	the	number	of	dormant	germlines	in	

the	population.
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Figure 3.1. Germ cell cycle length in mated and unmated gonads. (A-B) I first assayed cycle progression 
of individual MZs of unmated and mated gonads at day one of adulthood with a 30 minute EdU pulse 
followed by a range of chase times represented by each column. Each set of histograms shows DNA 
content of EdU-positive cells (blue) and EdU-negative cells (red). DNA content histograms show cell cycle 
progression. The original histogram is reconstituted at approximately 5 hours for both unmated and mated 
populations. (C) Continuous EdU labeling time course for selfed and mated gonads. (D) Day 3 cell cycle 
progression after EdU pulse-chase is depicted by the position on the circle. The inner circle represents 
unmated cell cycle progression (blue square) and the outer circle represents mated (red squares). The 
center line in each circle is the resultant computed as the vector sum of individual gonad positions, which 
shows average cycle progression (angle of vector) and amount of dispersion between MZs (length of line 
diminishes with increasing dispersion). MZs from day 3 unmated hermaphrodites lose synchrony, as 
shown by small magnitude of resultant at later chase times. 
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Mating	alters	cell	numbers	in	various	germline	compartments.	

	 I	next	set	out	to	determine	if	increasing	reproductive	activity	altered	germline	

compartment	makeup.	I	scored	the	total	number	of	germ	cells	in	each	gonad	compartment	

for	the	)irst	four	days	following	the	mating	period.	The	total	number	of	germ	cells	did	not	

signi)icantly	differ	between	mated	and	unmated	hermaphrodites	on	the	)irst	two	days,	

while	on	the	third	day	there	was	a	marginal	increase	in	the	total	number	of	germ	cells	of	in	

mated	hermaphrodites	(Figure	3.1A).

	 Analysis	of	the	germline	compartments	showed	that	mating	alters	the	distribution	of	

germ	cells	more	than	it	does	total	germ	cell	number.	The	number	of	germ	cells	in	the	MZ	of	

mated	individuals	does	not	signi)icantly	change	between	days	one	and	four	of	adulthood	in	

response	to	mating.	In	contrast,	unmated	individuals	experience	a	37%	decrease	in	the	

number	of	MZ	germ	cells	over	the	)irst	four	days	of	adulthood	(Figure	3.1B),	which	is	

consistent	with	previous	)indings	(Crittenden	et	al.	2006).	The	distribution	of	proximal	

germ	cells	in	mated	individuals	is	signi)icantly	altered:	the	transition	zone	(TZ)	and	

diplotene	region	(DR)	decrease	in	cell	number	while	the	pachytene	region	(PR)	shows	an	

increase	(Figure	3.1C-E).	This	redistribution	of	germ	cells	is	observed	shortly	after	mating	

and	is	maintained	for	the	)irst	four	days	of	adulthood	(Figure	3.1F-J).	Interestingly,	unmated	

individuals	display	a	similar	germ	cell	redistribution	at	day	two	(Figure	3.1H-J).
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Mating	with	sterile	males	leads	to	germline	compartment	reorganization

	 I	next	aimed	to	determine	whether	germline	compartment	reorganization	observed	in	

mated	hermaphrodites	is	a	result	of	an	increase	in	oocyte	fertilization	or	a	response	to	male	

presence.	To	differentiate	between	increased	oocyte	fertilization	and	male	presence	I	

utilized	glp-1(q224);	him-5	sterile	males.	The	q224	allele	provides	a	temperature	sensitive	

mutation	in	Notch;	males	shifted	during	development	to	the	restrictive	temperature	

produce	only	4-8	sperm	(Austin	and	Kimble	1987).	To	con)irm	sterility	of	glp-1(q224);	

him-5	males	I	utilized	spe-8;	dpy-4	hermaphrodites,	which	have	a	dumpy	phenotype	and	are	

unable	to	activate	their	own	sperm.	The	use	of	this	strain	allows	discrimination	of	embryo	

production	as	a	result	of	fertilization	by	male	sperm	from	embryo	production	as	a	result	of	

fertilization	by	hermaphrodite	self-sperm	activated	by	transferred	male	seminal	)luid.	

Mating	of	spe-8;	dpy-4	hermaphrodites	with	glp-1(q224);	him-5	males	produced	progeny	

with	dumpy	phenotype,	indicating	that	functional	seminal	)luid	and	not	sperm	is	

transferred	by	glp-1(q224);	him-5	males.	

	 To	test	wether	germ	cell	redistribution	is	dependent	on	increased	oocyte	fertilization	I	

mated	hermaphrodites	with	glp-1(q224);	him-5	males	and	assayed	germline	compartment	

Figure 3.2. Germline compartment organization in mated and virgin hermaphrodites. To assay the 
germline response to mating, hermaphrodite worms were mated with either wild-type or glp-1(q224); 
him-5 male worms during the first day of adulthood. Compartment boundaries were discerned based on 
DNA morphology. (A) On the third day of adulthood, mated hermaphrodites have significantly more total 
germ cells than unmated hermaphrodites. (B) The number of cells in the MZ of hermaphrodites mated 
with wild-type males remains constant throughout the first four days; this is in contrast to selfed 
hermaphrodites, which show a significant decrease by day 4. (C) Mating substantially decreases the 
number of TZ cells at day one of adulthood. (D) Mating increases the number of PR cells. (E) DR cell 
number in mated worms is lower across all time points and never reaches selfed levels. (F-J) Mating with 
wild-type or with glp-1(q224); him-5 sperm-less males has virtually identical effects on the size of germline 
compartments.
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makeup	immediately	after	the	mating	period	and	subsequently	every	24	h	for	3	days.	The	

germline	compartment	reorganization	observed	in	hermaphrodites	mated	with	wild-type	

males	was	also	detected	in	hermaphrodites	mated	with	glp-1(q224);	him-5	sterile	males	

(Figure	3.2).	For	example,	there	was	a	signi)icant	decrease	in	MZ	germ	cells	in	germlines	

mated	with	glp-1(q224);	him-5	sterile	males	compared	to	unmated	germlines,	which	is	

virtually	identical	to	the	decrease	seen	after	mating	with	wild-type	males	(Figure	3.2B).	

Similarly	there	was	a	decrease	in	the	number	of	TZ	and	DR	germ	cells	and	an	increase	in	PR	

germ	cells	(Figure	3.2C-E).	The	germ	cell	distribution	between	compartments	in	gonads	of	

hermaphrodites	mated	with	glp-1	males	followed	a	pro)ile	that	was	distinct	to	unmated	

gonads	through	the	)irst	four	days	(Figure	3.2G-J).	These	results	suggest	that	germline	

compartment	reorganization	is	not	dependent	on	increased	oocyte	fertilization.

	 Since	redistribution	of	germ	cells	between	compartments	is	observed	at	day	one	of	

adulthood	in	mated	individuals,	before	reproductive	activity	differs	between	mated	and	

unmated	hermaphrodites,	I	hypothesized	that	germlines	may	be	able	to	anticipate	and	

prime	germ	cells	for	increased	usage.	I	thus	set	out	to	determine	whether	anticipation	of	

increased	reproductive	activity	would	be	advantageous	by	increasing	total	brood	size.	To	

test	whether	mating	anticipation	affects	reproductive	activity	I	mated	hermaphrodites	with	

either	glp-1(q224);	him-5	sterile	males	or	fem-1(hc17ts)	sterile	males	and	tracked	

reproductive	output.	fem-1(hc17ts)	males	are	temperature	sensitive	mutants	and	fail	to	

develop	a	vas	deferens	when	raised	at	the	non-permissive	temperature,	preventing	transfer	

of	any	sperm	or	)luid	(Nelson,	et	al.	1978).	fem-1(hc17ts)	males	have	been	reported	to	

display	rudimentary	mating	behavior	(Hodgkin	and	Doniach	1997).	Through	observations	

of	mating	encounters	I	determined	that	fem-1(hc17ts)	males	probe	hermaphrodites	but	fail	
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to	maintain	position	over	the	vulva	for	successful	copulation.	I	)irst	mated	hermaphrodites	

with	sterile	males	at	day	one	of	adulthood.	I	then	removed	hermaphrodites	from	sterile	

males	and	transferred	them	to	a	fresh	plate,	from	which	point	I	scored	daily	reproductive	

activity.	Mating	with	sterile	males	does	not	provide	additional	sperm,	thus	I	did	not	expect	

an	increase	in	brood	size.	However,	I	observed	a	signi)icant	decrease	at	day	two	in	

reproduction	of	hermaphrodites	mated	with	sterile	males	(Figure	3.3).	
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	 I	next	tested	wether	pre-mating	with	sterile	males	could	maximize	reproductive	

output	of	hermaphrodites	mated	late	in	reproductive	life	with	fertile	males.	I	pre-mated	

hermaphrodites	with	sterile	males	at	day	one	of	adulthood	and	with	wild-type	males	at	day	

three.	Hermaphrodites	not	exposed	to	sterile	males	but	mated	with	wild-type	males	at	day	

three	served	as	the	control	group.	I	tracked	reproductive	output	daily	until	the	end	of	

reproduction.	Pre-mating	with	sterile	males	made	no	detectable	difference	(Figure	3.4).	

Figure 3.3. Daily and total brood size of hermaphrodites mated with sterile males. Embryo laying was 
lower at day two of adulthood, but total brood size was not significantly different, suggesting that mating 
with sterile males may slightly delay reproduction.
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DTC	process	extension	is	sensitive	to	mating.	

	 The	DTC	develops	several	processes	that	extend	proximally,	and	whose	length	

increases	with	age	(Crittenden	et	al.	2006)	and	is	a	likely	regulator	of	germ	cell	behavior.	

Because	mating	alters	germline	behavior	I	next	asked	whether	the	length	of	the	longest	

DTC	process	is	also	altered	by	mating.	I	utilized	hermaphrodites	expressing	lag-2::gfp,	

which	labels	DTC	processes,	and	mated	them	with	either	wild-type	males	or	sterile	males	at	

day	one	of	adulthood	and	tracked	DTC	process	growth	over	a	four	day	time	course.	

Hermaphrodites	mated	with	wild-type	males	or	glp-1;	him-5	sterile	males	did	not	display	

signi)icantly	altered	length	of	the	longest	DTC	process	compared	to	unmated	

hermaphrodites	(Figure	3.5A).	Hermaphrodites	mated	with	fem-1(hc17ts)	sterile	males	

however	showed	increased	length	(Figure	3.5A).	Unlike	glp-1;	him-5	males,	fem-1(hc17ts)	

males	do	not	transfer	seminal	)luid.	Thus	DTC	process	growth	is	extended	independently	of	

increased	oocyte	fertilization	and	seminal	)luid.	

	 To	further	investigate	how	mating	in)luences	DTC	process	length,	and	to	

complement	my	results	derived	using	sterile	males,	I	utilized	hermaphrodites	whose	

germlines	do	not	produce	gametes	and	thus	do	not	increase	reproductive	activity	in	
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response	to	mating.	Hermaphrodites	carrying	gld-2	gld-1	or	gld-3	nos-3	pairs	of	mutations	

exhibit	ectopic	germ	cell	proliferation	and	do	not	produce	gametes	(Francis	et	al.	1995;	

Kadyk	and	Kimble	1998;	Kraemer	et	al.	1999;	Eckmann	et	al.	2002;	Eckmann	et	al.	2004).	

Similarly	glp-1(gf),	a	gain	of	function	Notch	mutant,	causes	ectopic	germ	cell	proliferation	

and	little	to	no	germ	cell	differentiation	(Berry	et	al.	1997).	I	)irst	measured	DTC	process	

length	of	each	mutant	strain	at	days	one	and	two	of	adulthood,	which	is	when	the	greatest	

process	growth	is	expected.	DTC	process	length	in	gld-2	gld-1	and	gld-3	nos-3	individuals	

was	substantially	lower	compared	to	wild-type	(Figure	3.5.	B).	From	days	one	to	three	

however,	gld-3	nos-3	showed	a	modest	process	extension,	while	gld-2	gld-1	process	length	

appeared	to	plateau	after	day	one.	Surprisingly,	DTC	process	length	of	glp-1(gf)	tumors	was	

not	signi)icantly	different	from	wild-type	(Figure	3.5.	B).

	 I	then	tested	whether	DTC	process	length	of	gld-2	gld-1	double	mutants	is	extended	

by	mating	with	wild-type	males	during	the	)irst	day	of	adulthood.	Mating	did	lead	to	an	

increase	the	length	of	the	longest	process	(Figure	3.5C),	similar	to	the	DTC	process	length	

extension	seen	in	wild-type	hermaphrodites	mated	with	fem-1(hc17ts)	males	(Figure	3.5A).	

These	results	suggest	that	length	of	the	longest	process	does	not	depend	on	reproductive	

activity	but	is	responsive	to	external	stimulus.	Both	gld-2	gld-1	and	glp-1(gf)	germlines	

contain	a	higher	number	of	distal	M-phase	germ	cells	compared	to	gld-3	nos-3,	suggesting	

differences	in	germ	cell	cycling.	The	fact	that	the	three	different	tumorous	germlines	have	

different	DTC	process	pro)iles	also	suggest	that	germ	cell	behavior	plays	a	role	in	

determining	DTC	process	length.
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Figure	3.5.	Length	of	the	longest	DTC	process	along	the	distal-proximal	axis	of	the	germline.	The	physical	DTC	
process	length	was	measured	along	the	distal	proximal	axis	of	the	germline.	To	test	whether	mating	
in)luenced	DTC	morphology,	hermaphrodites	were	mated	with	male	worms	during	the	)irst	day	of	adulthood.	
(A)	DTC	process	length	in	wild-type	hermaphrodites	that	were	selfed	or	mated	with	wild-type	or	mutant	
males.	(B)	DTC	process	length	in	tumorous	mutants.	(C)	DTC	process	length	response	to	mating	in	wild-type	
or	tumorous	backgrounds.
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Discussion

	 My	)indings	add	to	the	understanding	of	the	C.	elegans	germline	cycling	and	

compartment	regulation.	First	I	demonstrate	that	actively	cycling	germlines	of	mated	or	

unmated	individuals	do	not	differ	in	cycling	rate.	Instead	what	I	)ind	is	that	germlines	

stochastically	enter	a	dormant	state	whose	occupancy	is	linked	to	reproductive	activity.	

Populations	with	low	reproductive	activity	(unmated	hermaphrodites	at	day	3	of	

adulthood)	have	a	high	percentage	of	dormant	germlines.	Populations	with	high	

reproductive	activity	(unmated	hermaphrodites	at	day	1	and	mated	hermaphrodites	at	day	

3)	have	a	low	percentage	of	dormant	germlines.	These	results	suggest	a	link	between	germ	

cell	cycling	activity	and	reproductive	activity	which	may	play	a	role	in	reproductive	

senescence.

	 I	found	that	hermaphrodite	germlines	undergo	a	compartment	reorganization	after	

mating	with	male	worms.	This	germline	compartment	reorganization	results	in	a	higher	

allocation	of	germ	cells	to	the	pachytene	region.	Compartment	reorganization	can	also	be	

induced	by	mating	hermaphrodites	with	glp-1(q224);	him-5	sterile	males,	which	shows	that	

it	is	independent	of	male	sperm,	and	is	accompanied	by	a	reduction	in	the	reproductive	

schedule	at	day	two	of	adulthood.	Together	these	results	suggest	a	response	mechanism	

that	may	prime	the	germline	for	increased	fertilization.

	 Hermaphrodites	can	detect	and	respond	to	male	presence	through	physical	contact	

(Morsci	et	al.	2011).	Since	glp-1(q224);	him-5	sterile	males	transfer	seminal	)luid	the	next	

logical	question	to	ask	is	whether	germline	compartment	reorganization	is	dependent	on	

seminal	)luid	or	whether	male	presence	is	suf)icient	to	elicit	compartment	reorganization.	
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This	could	be	tested	in	future	work,	by	mating	hermaphrodites	with	fem-1(hc17ts)	sterile	

males	and	asking	if	there	is	a	change	in	germline	makeup.	

	 Pachytene	is	where	germ	cells	spend	the	majority	of	their	time	and	where	over	half	of	

the	germ	cells	undergo	apoptosis.	It	is	known	that	the	primary	source	of	oocyte	growth	is	

the	cytoplasmic	streaming	that	originates	from	pachytene-stage	germ	cells	that	are	

believed	to	function	as	nurse	cells	(Wolke	et	al.	2007;	Nadarajan	et	al.	2009).	One	potential	

explanation	for	an	increase	in	pachytene	cells	in	mated	worms	is	to	provide	additional	

nurse	cells	to	sustain	production	of	a	larger	number	of	oocytes.	Mechanistically,	mated	

gonad	compartment	reorganization	could	be	a	result	of	germ	cells	progressing	through	

pachytene	at	a	slower	rate	and	thus	exiting	the	PR	at	a	low	frequency.	One	argument	against	

delayed	progression	through	pachytene	is	that	mated	individuals	have	comparable	embryo	

laying	rate	to	unmated	individuals	in	the	)irst	two	days;	thus	differentiated	germ	cells	are	

exiting	the	germline	at	similar	rates.	In	addition	previous	studies	demonstrate	that	sperm	

promote	ovulation	and	oocyte	maturation	(McCarter	et	al.	1999;	Miller	et	al.	2001;	

Nadarajan	et	al.	2009)	and	progression	of	germ	cells	through	pachytene	has	been	shown	to	

be	regulated	by	the	presence	of	sperm	(Jaramillo-Lambert	et	al.	2007).	These	results	make	

it	unlikely	that	mated	gonads,	which	are	supplemented	with	a	large	amount	of	sperm,	delay	

germ	cell	progression	through	pachytene.	Another	possibility	is	that	levels	of	apoptosis	

decrease,	leading	to	an	increase	in	the	total	number	of	germ	cells	in	the	germline,	

speci)ically	in	pachytene.	One	would	predict	that	apoptosis	levels	would	either	remain	

constant	or	increase	since	there	is	strong	evidence	that	apoptosis	is	important	for	

maintaining	oocyte	quality	in	C.	elegans	and	other	species	as	well	(Cavaliere	et	al.	1998;	
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Andux	and	Ellis	2008).	This	could	be	tested	in	future	work	using	standard	assays	for	

apoptosis.

	 The	DTC	has	been	shown	to	play	a	role	in	regulating	germ	cell	proliferation	in	

response	to	external	stimuli	(Dalfó	et	al.	2012).	Here	I	show	that	the	extent	over	which	the	

DTC	makes	contact	with	germ	cells	is	sensitive	to	mating.	Hermaphrodites	display	

enhanced	DTC	process	growth	if	mated	with	sterile	males.	Tumorous	germlines	lacking	a	

combination	of	cell	differentiation	factors	have	reduced	DTC	process	length	but	the	growth	

can	be	enhanced	if	mated	by	male	worms.	One	possibility	is	that	the	male	presence	alters	

the	state	of	the	germline	which	then	increases	DTC	growth;	alternatively,	mating	may	alter	

DTC	growth	through	somatic	signaling.	In	any	case,	these	results	show	that	DTC	

morphology	is	sensitive	to	the	state	of	the	germline	and	thus	suggest	feedback	loop	from	

germ	cells	to	its	niche.	Further	investigation	is	required	to	determine	the	mechanisms	

through	with	DTC	processes	are	extended,	which	will	provide	insight	into	their	functional	

signi)icance.
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Chapter	4

Active	inCiltration	of	mitotic	zone	by	its	stem	cell	niche

Abstract

	 Stem	cells	niches	are	increasingly	recognized	as	dynamic	environments	that	play	a	

key	role	in	transducing	signals	that	allow	an	organism	to	exert	control	on	its	stem	cells.	Live	

imaging	of	stem	cell	niches	in	their	in	vivo	setting	is	thus	of	high	interest	to	dissect	stem	cell	

controls.	Here	we	report	a	new	micro)luidic	design	that	is	highly	amenable	to	dissemination	

in	biology	laboratories	that	have	no	micro)luidics	expertise.	This	design	has	allowed	us	to	

perform	the	)irst	time	lapse	imaging	of	the	C.	elegans	germline	stem	cell	niche.	Our	results	

show	that	this	niche	is	strikingly	dynamic,	and	that	morphological	changes	that	take	place	

during	development	are	the	result	of	a	highly	active	process.	These	results	lay	the	

foundation	for	future	studies	to	dissect	molecular	mechanisms	by	which	stem	cell	niche	

morphology	is	modulated,	and	by	which	niche	morphology	controls	stem	cell	behavior.
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Introduction

! Regulation	of	fundamental	stem	cell	behaviors—cycling	and	self-renewal—is	a	topic	

of	high	interest	for	understanding	development	and	for	making	therapeutic	use	of	stem	

cells.	Stem	cells	are	found	in	niches,	whose	makeup	varies	between	organs	and	species	

(Losick	et	al.	2011).	The	crucial	role	of	these	niches	in	stem	cell	maintenance	is	well	

established	(Kimble	1981),	but	the	sophistication	of	stem	cell	regulation	goes	well	beyond	

controlling	their	numbers	by	delimiting	a	)ixed	volume	in	which	they	can	exist.	Numerous	

lines	of	evidence	suggest	stem	cell	niches	to	be	dynamic	environments	that	allow	for	

control	not	only	of	stem	cell	number	(Toledano	et	al.	2012),	but	also	of	the	behavior	of	stem	

cells	and	their	descendants	(Raaijmakers	et	al.	2010)—perhaps	in	a	way	that	allows	for	

tight	coordination	between	various	stem	cell	types	(Lander	et	al.	2012),	and	that	allows	for	

control	by	the	nervous	system	(Méndez-Ferrer	et	al.	2008).	Characterizing	niche	dynamics	

will	thus	be	a	key	step	in	dissecting	in	vivo	extrinsic	controls	of	stem	cells	and	their	

descendants.	

	 The	C.	elegans	germline	stem	cell	niche	is	a	powerful	model	system	to	study	niche	

dynamics.	Indeed,	this	niche	is	well	de)ined	and	can	be	imaged	live	in	intact	animals.	It	is	

made	of	a	single	somatic	cell,	the	distal	tip	cell	(DTC),	which	acts	as	a	niche	at	least	in	part	

by	presenting	germline	stem	cells	with	Notch	ligands.	The	DTC	is	located	at	the	distal	end	of	

the	gonadal	arm,	which	essentially	forms	a	tube	of	germ	cells	that	are	displaced	in	a	distal	

to	proximal	direction	as	they	proceed	through	differentiation	(Figure	4.1).	Notch	signaling	

in	germ	cells	is	required	for	maintenance	of	stem	cells	and	the	mitotic	zone,	as	shown	by	

premature	germ	cell	differentiation	when	the	DTC	is	ablated	(Kimble	1981)	or	when	the	

Notch	receptor	is	genetically	inactivated	(Austin	et	al.	1989).	As	hermaphroditic	larvae	go	
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through	the	last	larval	stage	L4	and	enter	adulthood,	the	DTC	extends	striking	long	

)ilopodia-like	structures	called	‘‘processes’’	that	carry	at	least	one	Notch	ligand	(Fitzgerald	

and	Greenwald	1995;	Hall	1999;	Crittenden	et	al.	2006).	The	precise	role	of	these	processes	

remains	unaddressed,	but	their	similarity	with	structures	found	in	other	species	and	other	

organs	(Cinquin	2009)	strongly	suggests	that	they	are	of	functional	signi)icance.	

	 The	C.	elegans	germline	stem	cell	niche	is	furthermore	a	relevant	model	system	to	

study	interactions	between	niches	and	their	host	organism.	Indeed,	expression	of	Notch	

ligand	by	the	DTC	has	been	shown	to	be	regulated	by	extrinsic	TGF-beta	signaling,	possibly	

under	neuronal	control	(Park	et	al.	2010;	Dalfó	et	al.	2012).	DTC	morphology	is	also	altered	

during	adult	reproductive	diapause	(Angelo	and	Van	Gilst	2009),	suggesting	a	potential	

mechanism	by	which	a	small	pool	of	stem	cells	is	kept	in	a	quiescent	state	for	future	

regeneration.	Control	of	Notch	ligand	levels	on	DTC	processes	and	control	of	DTC	process	

morphology	could	thus	provide	for	coordination	between	germline	stem	cells	and	the	rest	

of	the	organism.	

	 But	despite	the	high	relevance	of	the	DTC	as	a	model	dynamic	stem	cell	niche	and	

despite	its	striking	morphology,	little	is	known	about	the	dynamics	of	its	morphology.	

Although	it	is	known	that	the	processes	start	extending	when	hermaphrodites	reach	

adulthood	and	continue	doing	so	over	the	course	of	at	least	3	days	(Crittenden	et	al.	2006),	

it	is	not	known	whether	this	extension	is	the	result	of	active	DTC	growth,	or	merely	the	

result	of	DTC	membrane	being	passively	dragged	by	proliferating	germ	cells	as	they	are	

being	displaced	in	a	distal	to	proximal	direction.	Furthermore	nothing	is	known	about	its	

control	of	the	MZ	size	or	feedback	of	germ	cells	controls	DTC	morphology.	Arguing	for	

passive	growth	is	the	adhesion	often	observed	between	stem	cells	and	their	niches	
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(Marthiens	et	al.	2010),	the	close	association	of	the	DTC	with	the	distal-most	germ	cells	

(Hall	1999;	Crittenden	et	al.	2006),	and	the	apparent	internalization	of	DTC	content	by	

germ	cells	(Henderson	et	al.	1994).	Arguing	for	active	growth	is	that	the	extension	of	DTC	

processes	takes	place	in	hermaphrodites	but	not	in	males	(Morgan	et	al.	2010),	at	a	speci)ic	

stage	of	development.	Resolving	this	question	would	be	an	important	)irst	step	in	

addressing	the	role	of	DTC	morphology	as	a	control	of	germline	stem	cells.	

	 The	lack	of	current	data	on	DTC	morphology	results	in	large	part	from	limitations	in	

tools	to	perform	minimally-disruptive	live	imaging	of	C.	elegans.	Imaging	of	)ixed	samples	

only	makes	it	possible	to	study	population-level	behavior;	stochasticity	and	variability	

between	individuals	can	mask	dynamics,	especially	on	a	short	time	scale.	Live	imaging	can	

be	performed	with	permanent	immobilization	of	worms,	but	such	immobilization	results	in	

strong	defects	in	germ	cell	proliferation	(our	unpublished	observations).	While	methods	

exist	to	reversibly	immobilize	worms,	they	carry	biological	or	technical	drawbacks.	

Biological	drawbacks	include	non-immediate	recovery	or	other	perturbation	of	animal	

physiology	(as	for	anesthesia,	reversible	cooling	Chung	et	al.	2008),	or	exposure	to	CO2	

(Chokshi	et	al.	2009),	or	repetitive	transfers	of	worms	that	can	lead	to	damage	(as	for	

agarose	bead	immobilization).	Technical	drawbacks	exist	for	methods	that	rely	on	worm	

con)inement	based	on	deformable	membranes,	suction	channels	or	tapered	channels	

(Rohde	et	al.	2007;	Hulme	et	al.	2007;	Allen	et	al.	2008),	or	are	based	on	temperature-

controlled	transition	of	pluronic	acid	between	liquid	and	gel	phases	(Krajniak	and	Lu	

2010).	These	devices	are	based	on	complex,	multi-layered	micro)luidic	designs	that	require	

specialized	equipment	and	expertise	to	build,	and/or	external	pneumatic,	hydraulic,	or	

temperature	control	systems	that	also	require	specialized	expertise	to	use.	We	thus	
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designed	a	simple	device,	the	manufacture	and	use	of	which	are	accessible	to	biology	labs	

with	no	ad	hoc	technical	expertise.	This	device	allowed	us	to	reversibly	immobilize	worms	

under	nearly-physiological	conditions,	and	to	characterize	the	dynamics	of	DTC	processes	

over	short	time	intervals	in	individual	worms.	

Figure	4.1. The	C.	elegans	gonad	forms	a	tube	that	is	closed	at	the	distal	end,	where	stem	cells	are	located,	
and	open	at	the	proximal	end	(not	shown)	from	which	differentiated	gametes	exit.	The	Distal	Tip	Cell	(DTC)	
acts	as	a	stem	niche,	at	least	in	part	by	expressing	Notch	ligands.	The	DTC	extends	processes	that	start	
growing	from	the	last	larval	stage	(L4).	These	processes	tightly	intercalate	between	germ	cells,	especially	in	
the	distal	region	where	stem	cells	are	located,	and	in	mature	adults	extend	past	the	mitotic	zone	in	which	cells	
are	proliferating.
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Methods

Worm	handling

! The	strain	used	was	JK2868	(qIs56[lag-2::gfp]	V)	which	was	maintained	at	20C	

outside	of	the	micro)luidic	device	as	described	(Brenner	1974)	using	E.	coli	HB101	as	a	

food	source.	Loosely	synchronized	populations	were	obtained	by	isolating	young	adults	

from	unsynchronized	populations;	devices	were	loaded	with	descendants	that	were	at	the	

L4	stage	(as	identi)ied	by	visual	inspection	of	vulval	shape)	at	the	desired	time.	The	

micro)luidic	device	was	operated	with	S	medium	supplemented	with	E.	coli	HB101	

concentrated	to	109–1010	mL;	constant	gravity	)low	of	the	medium	through	the	device	

guarded	against	local	depletion	of	bacteria.	During	time	course	imaging,	worms	were	

immobilized	for	a	maximum	of	2	minutes	at	each	time	point.	In	between	time	points,	the	

channels	were	expanded	by	releasing	compression,	allowing	the	worms	to	move	freely.	

Both	pharynx	pumping	and	head	foraging	movements	were	observed	in	released	worms.	

We	did	not	assay	whether	worms	actively	feed	during	the	short	periods	of	immobilization,	

but	normal	reproductive	output,	mitotic	index,	and	DTC	growth	suggest	that	potential	

nutrient	deprivation	during	immobilization	is	not	detrimental.	

	 Gonad	extrusion	and	staining	was	performed	as	described	(Crittenden	and	Kimble	

2014).	Mitotic	index	was	computed	as	the	ratio	of	pH3-positive	cells	to	the	total	number	of	

cells	counted	in	the	mitotic	zone.	Live	imaging	of	permanently-immobilized	worms	

reported	in	Figure	4.5	was	performed	using	agarose	and	polystyrene	beads.
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Progeny	counts	
	 Hermaphrodites	were	passaged	every	day	to	fresh	plates,	until	the	end	of	

reproductive	activity.	Plates	on	which	embryos	had	been	laid	were	incubated	for	B2	days	to	

let	progeny	hatch	and	grow	in	size;	progeny	were	counted	before	they	reached	the	adult	

stage.	Mothers	that	crawled	off	agar	(n	=	3)	were	censored	from	the	analysis.	

Imaging	
	 Images	were	acquired	on	a	Zeiss	Cell	Observer	SD	spinning	disc	confocal	

microscope,	and	on	a	Yokagawa	CSUX	M1-N	Spinning	Disk	Confocal	(Solamere	Technology	

Group)	mounted	on	a	Nikon	TI-E	motorized	inverted	microscope	and	equipped	with	a	

Hamamatsu	9100c-13	EM-BT	EMCCD	camera.	Residual	movement	in	confocal	stacks	was	

corrected	using	the	StackReg	ImageJ	plugin	(Thévenaz	et	al.	1998).	Ray	tracing	rendering	

was	performed	using	Volocity	(PerkinElmer,	Waltham,	MA).	

Statistics	
	 Calculations	were	performed	by	using	R	(http://r-project.org)	or	Microsoft	Excel.	

Unless	otherwise	stated,	the	asymptotic	Wilcoxon	rank	sum	test	was	used	for	pairwise	

comparisons	(two-sided	tests).
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Results

Device	design	and	fabrication	

! Construction	of	micro)luidic	devices	typically	requires	specialized	equipment	and	

training	to	perform	photolithographic	patterning	and	lamination	of	channels	and	actuated	

structures.	Devices	for	C.	elegans	manipulation	can	require	even	greater	complexity	than	is	

typical.	For	example,	a	nonstandard	photoresist	that	is	thick	and	capable	of	thermal	re)low	

is	required	to	form	rounded	channels	that	are	both	compatible	with	pneumatic	valves	and	

large	enough	to	)it	worms	(Rohde	et	al.	2007).	This	resist	is	very	costly	in	comparison	to	

standard	photoresists.	Actuation	of	on-chip	components	also	requires	a	complex	network	

of	pneumatic	tubing	and	computer-controlled	solenoid	valves,	and	in	some	cases,	the	

piping	of	hot	and	cool	liquids	onto	the	chip	(Krajniak	and	Lu	2010).	Here,	we	achieve	large	

rounded	channels	simply	by	molding	off	of	pencil	leads	in	a	very	low-cost	process.	Further,	

device	actuation	is	achieved	simply	by	pressing	on	the	structure.	

	 The	core	of	the	immobilization	device	is	a	micro)luidic	channel	that	can	be	tuned	in	

diameter.	The	channel	cross	section	is	roughly	triangular	and	is	formed	by	sealing	an	

elastomeric	stamp	with	cylindrical	ridges	against	a	No.	2	glass	coverslip	(Figure	4.2A).	

Downward	compression	on	the	elastomer	collapses	the	cylindrical	ridges	against	the	glass,	

thus	narrowing	the	channel.	The	dimensions	of	the	channel	were	designed	such	that	a	

young	adult	worm	could	move	freely	in	an	uncompressed	channel	and	be	immobilized	in	a	

compressed	channel	(Figure	4.2B	and	C).	The	channel	was	designed	to	be	narrower	

towards	the	inlet	and	outlet	so	that	by	partially	compressing	the	device,	a	non-immobilized	

worm	could	be	con)ined	to	the	center	of	the	device	in	order	to	keep	it	from	drifting	out	of	

the	microscope	)ield	of	view.	Individual	worms	were	loaded	through	access	ports	punched	
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at	either	end	of	the	channel,	and	vacuum	aspiration	was	used	to	draw	the	worm	into	the	

channel.	Cut	pipette	tips	were	inserted	into	the	access	ports	to	serve	as	liquid	reservoirs,	

and	continuous	)low	could	be	maintained	in	the	channel	by	asymmetric	loading	of	the	two	

reservoirs.	Controlled	compression	of	the	device	was	accomplished	by	using	a	clamping	

structure	machined	in	poly(methyl	methacrylate)	(Figure	4.2D–F).	The	bottom	of	the	

clamping	structure	tapers	to	a	small	oval	hole	to	allow	high-resolution	microscope	

objectives	to	approach	the	sample	while	minimizing	bending	of	the	coverslip	during	

compression.	The	structure	was	held	together	by	three	sets	of	nuts	and	screws,	and	

compression	was	adjusted	by	turning	the	nuts	while	observing	worm	mobility	under	a	

microscope. 
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! Fabrication	of	the	elastomeric	microchannels	was	accomplished	without	the	need	

for	any	specialized	equipment.	As	detailed	in	Figure	4.3,	a	mold	was	created	from	sculpting	

clay	(Original	Sculpey	Clay,	Polyform	Products,	Elk	Grove	Village,	IL)	and	0.3	mm	and	0.5	

mm	leads	(Pentel,	Torrance,	CA)	typically	used	in	mechanical	pencils.	The	leads	were	

embedded	into	the	clay	in	pairs	and	pressed	down	under	a	glass	slide	until	the	tops	of	the	

leads	were	)lush	with	the	surface	of	the	clay.	This	structure	was	baked	at	100	1C	for	10	min	

and	then	used	as	a	mold	to	cast	a	second	piece	of	clay.	The	surface	of	the	mold	was	wet	with	

Figure	4.2.	Worm	immobilization	device.	(A)	Cross	sections.	A	tunable-diameter	micro)luidic	channel	is	
formed	by	sealing	an	elastomer	with	cylindrical	ridges	onto	a	glass	coverslip.	The	loading	channels	are	
narrower	than	the	worm-trapping	region	to	con)ine	the	worm	in	the	middle	of	the	device.	(B)	A	worm	is	
placed	into	one	of	the	access	ports	and	loaded	by	aspiration.	The	device	is	compressed	to	constrict	the	
channel	and	immobilize	the	worm.	(C)	Microscope	images	of	a	worm	in	the	device.	An	adult	worm	can	be	
cultured	for	hours	in	an	uncompressed	channel	and	reversibly	immobilized	for	imaging	at	speci)ic	time	
points.	(D)	An	acrylic	clamping	rig	maintains	compression	of	the	elastomer	against	the	glass,	while	allowing	
microscope	access	for	imaging	through	the	coverslip.	(E)	The	clamping	rig	includes	slats	to	facilitate	mounting	
on	a	microscope	stage.	A	PDMS	square	(6	x	3	x	2	mm3)	is	placed	over	the	microchannels	to	focus	the	
compression	force.	(F)	Assembled	device.	
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a	small	amount	of	water	prior	to	casting	in	order	to	prevent	sticking.	The	second	piece	of	

clay,	the	inverse	of	the	)irst	mold,	was	also	baked	at	100	1C	for	10	min	and	then	used	as	a	

master	to	cast	polydimethylsiloxane	(PDMS)	stamps.	PDMS	casting	was	accomplished	by	

thoroughly	mixing	prepolymer	and	linker	(Sylgard	184,	Dow	Corning,	Midland,	MI)	at	15	:	1	

by	weight,	pouring	this	mixture	over	the	clay	mold,	degassing	in	a	vacuum	chamber,	and	

baking	at	80	1C	for	40	minutes.	Access	holes	were	created	in	the	molded	PDMS	stamps	by	

using	a	3	mm	biopsy	punch,	and	the	stamps	were	then	plasma	bonded	(2	min,	ambient	gas)	

to	glass	coverslips	to	create	tunable	microchannels.	Plasma	bonding	was	helpful	to	

eliminate	the	possibility	for	worms	to	slide	into	parallel	channels.	However,	bonding	was	

not	absolutely	essential	as	long	as	the	PDMS	stamp	remained	pressed	against	the	glass.	
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Device	validation	

! We	)irst	assayed	the	impact	of	worm	immobilization	and	imaging	on	germ	cell	

cycling	and	on	reproductive	activity.	We	immobilized	and	acquired	0.2	mm-interval	

confocal	stacks	of	young	adult	hermaphrodites	9	times	at	one-hour	intervals;	each	

individual	was	imaged	in	less	than	2	minutes.	Controls	were	incubated	in	culture	medium	

identical	to	that	of	imaged	worms,	but	were	kept	in	24-well	plates	rather	than	in	our	device	

and	were	not	immobilized	or	imaged.	After	9	hours,	imaged	and	control	worms	were	each	

split	into	two	groups.	One	group	had	gonads	stained	for	DNA	and	phosphorylated	histone	

Figure	4.3.	Device	fabrication	process.	(i)	0.5	mm	and	0.3	mm	mechanical	pencil	leads	are	pressed	into	
molding	clay	until	the	tops	of	the	cylinders	are	)lush	with	the	clay	surface,	and	the	entire	structure	is	baked.	
The	use	of	a	wider	lead	results	in	a	larger	channel	diameter	in	the	completed	device.	(ii)	Additional	sculpting	
clay	is	pressed	into	the	baked	structure.	(iii)	The	reverse-molded	clay	is	baked	to	form	the	master	mold.	(iv)	
The	master	is	used	to	cast	a	PDMS	stamp.	(v)	Access	holes	are	created	in	the	PDMS	by	using	a	3	mm	biopsy	
punch,	and	the	PDMS	stamp	is	attached	to	a	glass	coverslip	by	plasma	bonding. 
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H3	to	assay	mitotic	index,	and	another	group	was	returned	to	agar	plates	to	score	

reproductive	output.	

	 Overall	gonad	morphology	of	imaged	and	control	worms	was	indistinguishable	

(Figure	4.4).	Average	mitotic	index	was	3.0	for	imaged	worms	(n	=	11),	and	3.5	for	control	

worms	(n	=	11).	This	15%	difference	was	not	signi)icant	(p	>	0.33)	and	both	values	fall	

within	the	range	of	previous	reports	(e.g.	ref.	10	and	26),	which	suggests	that	germ	cell	

cycling	is	not	appreciably	perturbed	by	immobilization	or	imaging.	

	 Average	number	of	progeny	was	170	for	imaged	worms	(n	=	9),	and	248	for	control	

worms	(n	=	21).	The	difference—30%—is	modest	and	not	statistically	signi)icant	(p	>	

0.11).	Furthermore,	this	difference	stems	speci)ically	from	3	imaged	specimens	that	died	

within	3	days	of	imaging;	when	excluding	specimens	that	died	within	the	)irst	3	days	after	

imaging,	average	progeny	number	is	247	(n	=	6)	and	is	indistinguishable	from	the	control	

Figure	4.4.	Gonadal	arms	extruded,	)ixed,	and	stained	with	antibodies	and	DAPI	show	indistinguishable	
morphology	whether	they	were	repeatedly	immobilized	and	imaged	live	(A)	or	kept	in	identical	liquid	culture	
medium	without	immobilization	or	live	imaging	(B).	The	DTC	is	shown	with	an	arrowhead,	and	examples	of	
pH3-positive	cells	with	arrows.	Images	shown	are	standard	deviation	projections	of	confocal	stacks. 
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average	of	259	progeny	(n	=	20;	p	>	0.6;	1/21	control	died	within	6	days).	We	thus	conclude	

that	immobilization	and	imaging	in	our	device	do	not	appreciably	affect	reproductive	

output.	

	 We	next	asked	whether	the	dynamics	of	DTC	process	extension	were	affected	by	

hermaphrodite	immobilization	and	imaging.	We	compared	DTC	growth	in	single	worms	

that	were	immobilized	and	imaged	at	multiple	time	points,	against	average	DTC	growth	in	

worms	maintained	in	standard	liquid	culture	and	sacri)iced	for	imaging	at	a	single	time	

point	(Figure	4.5).	Worms	in	the	device	and	control	worms	were	all	in	S	medium	

supplemented	with	E.	coli.	No	signi)icant	difference	was	observed	in	the	length	of	the	

longest	DTC	process	over	4	rounds	of	immobilization	spanning	36	hours	(p	>	0.05	with	t-

test;	n	=	7).	

Figure	4.5.	DTC	process	extension	is	not	detectably	affected	by	repeated	immobilization	in	the	device.	Liquid	
culture:	hermaphrodites	were	cultured	for	the	speci)ied	amount	of	time	in	S-medium	supplemented	with	E.	
coli,	and	permanently	immobilized	with	polystyrene	beads	for	imaging	at	the	time	indicated.	On	chip:	worms	
were	kept	in	the	device	and	temporarily	immobilized	for	live	imaging	of	processes	at	each	indicated	time	
point.	
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Device	reveals	dynamics	that	are	obscured	in	population	averages	

	 To	ask	whether	the	dynamics	of	DTC	growth	are	uniform	across	time	and	

individuals,	we	imaged	the	DTC	at	1	hour	intervals	from	L4.	While	the	population	average	

of	length	of	the	longest	DTC	process	progressed	linearly,	striking	variability	was	apparent	

between	individuals.	Some	experienced	slow	growth,	while	others	experienced	rapid	

growth	(Figure	4.6).	The	difference	in	growth	rates	could	be	attributable	to	slight	

differences	in	developmental	stages	of	the	individuals	in	the	population.	In	any	case,	

imaging	individuals	through	time	reveals	that	the	population	average	is	not	representative	

of	individual	behavior.	Furthermore,	spurts	of	growth	observed	in	fast-growing	DTCs	

suggested	the	possibility	of	an	active	growth	mechanism	rather	than	passive	DTC	stretching	

over	time.	

Figure	4.6.	Time	lapse	imaging	of	the	DTC	at	12	h	(A)	or	1	h	(B)	intervals	reveals	growth	of	individual	
processes.	(C)	Dynamics	of	growth	differ	between	individuals.	While	average	growth	is	close	to	linear	(green	
curve),	some	DTCs	experience	apparent	spurts	of	growth	(blue	curve)	while	others	experience	more	even,	
slow	growth	(red	curve).
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Local	remodeling,	backwards	growth,	and	branch	points	

	 We	next	asked	what	local	shape	changes	underlie	the	overall	lengthening	of	the	DTC.	

We	tracked	individual	DTCs	through	time	at	1	hour	intervals.	We	made	three	striking	

observations.	First,	process	elongation	can	take	place	following	two	distinct	steps:	a	

process	)irst	forms	a	ring,	which	subsequently	regains	a	linear	topology	(Figure	4.7A).	

Second,	growing	processes	can	form	branch	points	that	give	rise	to	multiple	small	nascent	

extensions	(Figure	4.7C);	after	a	period	of	time,	a	single	extension	appears	to	grow	further	

while	others	retreat,	suggesting	potential	competition	between	nascent	extensions	(Figure	

4.7C	to	E).	Third,	process	elongation	can	take	place	not	only	along	the	direction	of	overall	

DTC	growth	(from	distal	to	proximal),	but	also	in	the	reverse	direction	(Figure	4.7D).	

Branch	points	with	multiple	nascent	extensions	or	backward	growth	of	processes	were	

observed	in	5	of	10	samples.
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Figure	4.7.	Time	lapse	imaging	of	DTC	processes	shows	an	active	growth	and	in)iltration	of	the	mitotic	zone	
(left:	confocal	section;	right:	ray	tracing	rendering	of	region	boxed	on	left).	Two	important	features	emerge.	
First,	some	processes	extend	proximally	by	forming	a	transient	ring-like	structure	(arrow	on	row	A)	that	
subsequently	regains	a	linear	topology	(arrow	on	row	B).	Second,	some	processes	form	a	bulb-like	structure	
(arrow	on	row	C)	that	changes	shape	over	time	and	results	in	distal	and	thus	‘‘backward’’	growth	of	an	
extension	(yellow	arrow	heads	in	C–E).	Such	extensions	appear	to	tightly	intercalate	between	germ	cells.	
Another	extension	shows	more	limited	growth	(red	arrowheads).
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Discussion

! Our	observations	of	DTC	processes	over	time	strongly	suggest	that	their	growth	is	an	

active	process.	The	transient	ring	structure	that	we	observe	during	process	elongation	

shows	that	processes	are	not	simply	stretched	by	a	pulling	force	generated	by	germ	cell	

migration	along	the	distal	to	proximal	axis.	A	ring	structure	similar	to	what	we	observed	

has	been	reported	by	electron	microscopy	(Hall	1999),	lending	evidence	that	our	ring	is	not	

an	artifact	(due	for	example	to	a	very	thin	central	layer	that	does	not	contain	a	detectable	

amount	of	cytoplasmic	GFP).	

	 The	branch	points	with	nascent	extensions	suggest	that	the	DTC	could	be	actively	

exploring	the	environment	formed	by	germ	cells.	The	fact	that	in	some	instances	only	one	

of	these	extensions	appears	to	persist	and	grow	suggests	possible	competition	between	

processes.	Biases	in	the	outcome	of	that	competition	could	result	from	local	signaling	

between	DTC	processes	and	germ	cells,	perhaps	transduced	by	changes	in	membrane	

tension	(Heiman	and	Shaham	2010;	Houk	et	al.	2012).	

	 Our	results	suggest	that	the	C.	elegans	germline	stem	cell	niche	is	a	dynamic	entity	

that	actively	seeks	contact	with	a	subset	of	proliferating	germ	cells.	Active	movement	of	the	

stem	cell	niche	has	been	observed	in	the	Drosophila	ovary	(Morris	and	Spradling	2011)	

(this	movement	does	not	result	in	net	migration);	human	hematopoietic	stem	cells	also	

have	a	dynamic,	elaborate	contact	surface	with	osteoblasts	that	plays	a	role	in	polarization	

(Gillette	et	al.	2009).	Dynamic	control	of	the	contact	surface	between	stem	cells	and	their	

niche	could	thus	be	a	general	feature	of	stem	cell	systems.	The	C.	elegans	germline,	when	

imaged	live	with	a	device	such	as	the	one	we	report	here,	provides	a	powerful	model	
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system	to	address	this	dynamic	control:	the	niche	can	be	imaged	in	its	native	environment,	

and	the	relationship	between	niche	and	stem	cells	dissected	with	genetic	tools.	

	 An	important	question	to	address	in	the	future	will	be	the	functional	signi)icance	of	

the	spatial	pattern	of	contact	between	cycling	cells	and	the	DTC,	which	is	established	by	the	

in)iltration	process	reported	here.	A	role	of	the	DTC	in	controlling	the	length	of	the	mitotic	

zone	has	long	been	suspected	(Crittenden	et	al.	1994;	Fitzgerald	and	Greenwald	1995;	Hall	

1999),	but	the	shortening	of	the	mitotic	zone	in	aging	worms	despite	concomitant	DTC	

process	lengthening	could	be	at	odds	with	this	idea	(Crittenden	et	al.	2006).	One	possibility	

is	that	DTC	spatial	patterns	contribute	to	the	control	of	transitions	between	differentiation	

states	identi)ied	more	recently	within	the	mitotic	zone	(Cinquin	et	al.	2010).	

70



Chapter	5	

Conclusion

	 The	ability	to	reproduce	declines	with	age,	which	impacts	quality	of	life.	Both	female	

humans	and	C.	elegans	hermaphrodites	experience	an	age	related	decline	of	the	

reproductive	system	and	have	a	long	post-reproductive	life	span.	I	utilized	the	C.	elegans	

hermaphrodite	as	a	model	to	understand	this	reproductive	aging.	Speci)ically,	my	thesis	

work	aimed	to	study	how	food	availability	in)luences	reproductive	aging	and,	since	

reproductive	aging	may	be	linked	to	reproductive	activity,	to	investigate	the	germline	

response	to	modulation	of	the	rate	of	reproduction.	In	this	chapter	I	review	)indings	from	

my	thesis	work,	implications	and	future	directions.

Modulation	of	reproductive	aging

	 Both	CR	and	IF	are	well	known	for	their	ability	to	extend	organism	life	span	and	to	

delay	age	related	phenotypes.	Interestingly,	it	has	been	shown	in	C.	elegans	that	CR	and	IF	

modulate	life	span	through	pathways	that	only	partially	overlap.	Despite	the	common	

impact	of	CR	and	IF	on	somatic	aging,	studies	of	C.	elegans	reproductive	aging	have	only	

focused	on	the	bene)its	of	CR:	to	my	knowledge,	there	are	no	reports	on	the	impact	of	IF	on	

reproductive	cessation.	In	the	case	of	C.	elegans,	this	is	likely	because	precise	control	of	food	

availability	throughout	the	duration	of	the	animals’	reproductive	life	span	is	a	major	

technical	challenge.	Application	of	high-frequency	IF	regimens	throughout	a	worm’s	

reproductive	span	requires	automation,	which	we	were	able	to	achieve	though	the	use	of	a	

micro)luidic	platform.	Micro)luidic	chips	have	been	used	as	a	tool	for	a	variety	of	studies.	

These	include	temporary	immobilization	of	worms	to	conduct	physiological	analysis,	drug	
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screening	(e.g.	Gilleland	et	al.	2010;	Lockery	et	al.	2012),	and	to	perform	life	long	analysis	of	

worm	development	and	aging	studies	(Krajniak	and	Lu	2010;	Hulme	et	al.	2010).	Until	

recently	none	of	the	micro)luidic	chips	have	been	used	to	study	worm	reproductive	activity	

(Kopito	and	Levine	2013;	Li	et	al.	2014).	To	properly	assay	reproductive	aging	we	

developed	a	micro)luidic	platform	which	allows	application	of	an	IF	regimen	throughout	

the	entire	reproductive	life	span	of	mated	hermaphrodites.	A	unique	feature	of	our	chip	is	

the	ability	to	)lush	out	laid	embryos	immediately	after	being	laid	without	)lushing	out	the	

parent	worm.	Thus	we	are	able	to	track	reproductive	activity	in	real	time.

	 Results	show	that	not	only	the	duration	but	also	the	frequency	of	the	fasting	period	

can	impact	reproductive	output.	Speci)ically,	my	studies	show	that	short	fasting	periods	at	a	

low	frequency	can	extend	reproductive	span	without	reducing	brood	size	(Chapter	2).	This	

is	in	sharp	contrast	to	CR	studies	which	show	delayed	reproductive	aging	but	diminished	

reproductive	output.	These	)indings	show	that	IF	is	a	viable	intervention	for	increasing	

reproductive	span	and	perhaps	“reproductive	health	span”.	These	)indings	are	also	useful	to	

query	aging	theories	such	as	the	“disposable	soma”	theory	(Kirkwood	1977)	or	the	

antagonistic	pleiotropy	theory	that	puts	forth	the	notion	of	trade-offs	between	early	and	

late	reproduction	(Williams	1957).	It	has	indeed	been	noted	that	the	fact	that	reducing	

early	progeny	production	does	not	increase	late	progeny	production	in	C.	elegans	

hermaphrodites	is	perhaps	in	con)lict	with	current	theories	of	aging	(Hughes	et	al.	2007).	

My	results	along	with	previous	)indings	suggest	that	current	aging	theories	may	require	

modifying	to	reconcile	these	contradictions,	or	that	other	tradeoffs	need	to	be	considered.	

For	example,	I	have	not	assayed	)itness	of	the	progeny	produced	under	IF	conditions.	It	may	
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be	that	this	)itness	is	impacted,	which	could	be	tested	using	the	current	chip	design	by	

collecting	laid	embryos	and	measuring	their	own	reproductive	schedule	outside	of	the	chip.

Germ	cell	behavior	and	reproductive	activity

	 As	C.	elegans	worms	age,	not	only	is	there	a	decline	in	oocyte	fertilizability	but	there	

is	also	a	deterioration	of	the	reproductive	tissue,	as	assayed	by	morphology	(Garigan	et	al.	

2002;	Luo	et	al.	2010).	Along	with	this	tissue	degeneration,	there	is	a	decrease	in	the	

number	of	MZ	nuclei	(Luo	et	al.	2010).	There	is	however	a	gap	in	the	literature	in	the	

characterization	of	other	germline	compartments	of	aged	hermaphrodite	worms	or	of	

worms	with	increased	progeny	production.	I	identi)ied	the	presence	of	a	germline	dormant	

state	that	was	found	to	be	predominant	in	individuals	with	low	reproductive	activity	

(Chapter	3).	Populations	with	higher	progeny	production	rates	had	a	lower	number	of	

dormant	germlines.	These	results	suggest	that	the	state	of	the	germline,	actively	cycling	or	

dormant,	is	regulated	by	reproductive	activity	and	may	play	a	role	in	reproductive	

cessation.

	 I	further	demonstrated	that	mating	alters	germline	makeup,	a	response	that	I	found	

to	be	independent	of	reproductive	activity	or	male	sperm.	I	presented	evidence	that	mating	

not	only	alters	germline	compartment	makeup	but	DTC	morphology	as	well.	Mating	

hermaphrodites	with	sterile	males	produced	similar	results	as	mating	with	wild-type	

males:	it	increased	the	number	of	germ	cells	in	PR	while	decreasing	the	number	of	germ	

cells	in	TZ	and	DR.	The	most	likely	explanation	for	the	increase	in	germ	cells	in	the	

pachytene	region	is	that	germ	cells	are	entering	the	pachytene	region	at	a	higher	rate	as	

opposed	to	exiting	more	slowly.	This	compartment	reorganization	may	be	a	germline	
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priming	mechanism	for	increased	fertilization.	In	addition,	I	found	that	mating	altered	DTC	

morphology	by	increasing	proximal	process	extension.	It	may	be	that	changes	in	niche	

morphology	are	a	result	of	the	changes	in	germ	cell	activity,	which	would	suggest	a	

feedback	loop	going	from	germ	cells	to	its	niche.	Another,	non	mutually-exclusive	possibility	

is	that	mating	directly	triggers	DTC	processes	extension	which	in	turn	modulates	germ	cell	

activity.	Further	experiments	will	be	required	to	distinguish	between	these	possibilities.

Regulation	of	germline	stem	cells		

	 The	DTC	plays	a	central	role	in	maintaining	the	MR	and	is	a	prime	candidate	for	

regulation	of	germline	stem	cell	behaviors	such	as	occupancy	of	the	dormant	state	reported	

in	chapter	3.	Indeed,	niche	architecture	has	been	implicated	in	regulation	of	stem	cell	

behavior	in	Drosophila	testis	and	mouse	intestinal	crypt	(Wallenfang	et	al.	2006;	Sato	et	al.	

2010).	Although	I	did	not	have	a	chance	to	address	speci)ically	the	relationship	between	

germline	stem	cell	cycle	control	and	DTC	processes,	the	tools	that	I	have	developed	will	

provide	a	solid	basis	for	such	future	studies.

	 The	tools	that	I	developed	did	allow	me,	as	a	)irst	application,	to	address	one	

important	aspect	of	the	DTC.	The	DTC	extends	intricate	processes	proximally	whose	

functional	signi)icance	remains	mysterious.	One	theory	is	that	DTC	processes	are	simply	

dragged	along	by	germ	cells	that	are	migrating	in	the	proximal	direction.	This	is	unlikely	

because	germ	cells	migrate	proximally	at	a	much	faster	rate	than	DTC	process	growth,	and	

because	typically	only	a	single	process	reaches	the	MZ	boundary	while	the	remaining	

processes	only	grow	a	fraction	of	the	distance.	If	DTC	processes	were	passively	dragged	by	

germ	cells,	we	would	expect	a	much	faster	extension	rate	and	all	processes	to	be	of	similar	
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length,	which	is	not	what	we	observe.	As	a	)irst	step	in	better	understanding	the	regulation	

of	germline	stem	cells	by	their	DTC,	I	characterized	the	)ine	dynamics	of	DTC	process	

growth.	This	had	not	been	achieved	prior	to	my	work,	most	likely	because	of	the	dif)iculty	

in	conducting	time	lapse	imaging	of	C.	elegans:	there	were	no	methods	we	identi)ied	as	

suitable	to	strongly	immobilize	a	worm	without	in)licting	injury.	

Using	a	new	micro)luidic	chip	that	allowed	me	to	perform	time-lapse	imaging	I	showed	that	

the	growth	rate	of	processes	varies	across	individuals	of	the	same	age.	This	helps	to	explain	

the	varying	process	lengths	that	are	observed.	One	possibility	strongly	suggested	by	my	

data	is	that	DTC	processes	alternate	between	periods	of	slow	and	rapid	growth	as	opposed	

to	continuous	steady	growth	until	reaching	their	)inal	length.	Such	growth	spurts	would	be	

more	compatible	with	a	dynamic,	rather	than	a	passive	growth	process.	Further	analysis	of	

DTC	morphology	revealed	local	active	growth	of	processes.	If	processes	were	dragged	along	

by	germ	cells	as	they	move	proximally	we	would	not	expect	growth	in	the	distal	direction.	

My	data,	however,	shows	that	processes	do	extend	in	the	distal	direction,	which	is	evidence	

that	processes	are	actively	in)iltrating	the	germline.	It	is	known	that	at	least	two	germ	cell	

populations	exist	within	the	MZ	(Cinquin	et	al.	2010),	a	distal	stem	cell	pool	and	a	transit	

amplifying	pool.	A	recent	study	utilized	a	lag-2	promoter	driven	myristoylated	GFP,	which	

localizes	to	DTC	membrane,	and	showed	results	consistent	with	our	observations	of	high	

density	process	in)iltration	in	the	distal	end	(Byrd	et	al.	2014).	It	would	be	interesting	to	

determine	whether	DTC	process	in)iltration	and	formation	of	ring	structures	function	to	

localize	Notch	signaling.	This	would	help	address	the	functional	role	of	DTC	processes	in	

germline	stem	cell	regulation.

!
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Implications	for	reproductive	aging

	 Like	human	females,	the	C.	elegans	hermaphrodites	have	a	long	post-reproductive	

life	span	(Hughes	et	al.	2007;	Cant	and	Johnstone	2008;	Luo	et	al.	2009).	In	addition,	both	

humans	and	worms	display	a	decline	in	oocyte	quality	with	age.	Food	availability	regulates	

longevity	in	worms	and	mammals,	and	have	been	implicated	in	the	regulation	of	

mammalian	reproductive	aging	(Castrillon	et	al.	2003;	Selesniemi	et	al.	2008;	Tilly	and	

Sinclair	2013).	An	important	goal	in	human	reproductive	aging	is	not	only	to	extend	

reproductive	capacity	but	to	also	reduce	the	maternal	age-associated	birth	defects.	My	IF	

results	(chapter	2)	suggest	that	reproductive	cessation	can	be	delayed	without	reducing	

brood	size.	Understanding	the	mechanistic	underpinning	of	this	delay	in	reproductive	aging	

may	eventually	suggest	potential	therapeutic	interventions	to	delay	the	reproductive	

decline	in	humans.

	 My	results	presented	in	Chapter	3	suggest	that	germline	stem	cell	behavior	is	closely	

related	to	reproductive	activity	and	may	be	involved	in	reproductive	cessation.	This	is	in	

line	with	other	studies	which	implicate	changes	in	stem	cell	behavior,	senescence	and	

reduction	of	self-renewal,	in	aging	and	in	the	development	of	age-related	diseases	in	mice	

(Campisi	2000;	Zhang	and	Herman	2002).	Understanding	the	relationship	between	stem	

cell	behavior	and	reproductive	cessation	in	worms	may	provide	insights	into	how	that	

cessation	can	be	delayed.	In	chapter	4	I	investigated	the	DTC,	whose	control	of	germline	

stem	cells	may	be	in	part	responsible	for	age-related	changes	in	their	behavior.	Results	

show	sophisticated	morphological	changes	that	occur	in	the	niche	micro-environment	as	

individuals	age;	these	changes	may	play	a	role	in	stem	cell	regulation	that	extends	beyond	

the	well-established	role	in	maintenance	of	an	undifferentiated	state.	This	is	compatible	
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with	studies	which	implicate	niche	environment	in	age	related	decline	of	stem	cell	self-

renewal	(Ryu	et	al.	2006;	Jones	et	al.	2008).	Since	control	of	stem	cell	behavior	is	in	large	

part	exerted	by	their	niche,	understanding	this	relationship	will	provide	insight	that	will	

allow	better	manipulation	of	stem	cells.

Future	directions

	 My	thesis	work	along	with	previous	studies	have	characterized	different	aspects	of	

reproductive	aging	in	C.	elegans,	but	many	questions	remain.	To	further	our	understanding	

of	reproductive	aging	we	must	)irst	address	whether	trade-offs	play	a	role	in	the	aging	

process.	One	possibility	is	that	there	are	trade	offs	between	brood	size	and	worm	life	span,	

as	it	has	been	well	documented	that	life	span	and	reproductive	activity	are	negatively	

correlated.	This	would	mean	that	IF	individuals	would	have	a	decrease	in	life	span	

compared	to	continuously	fed	individuals.	However,	common	aging	phenotypes	of	worms,	

such	as	decrease	in	movement	and	size,	was	not	noticeably	different	between	our	control	

and	IF	fed	individuals.	It	will	be	important	for	future	studies	to	determine	whether	there	

are	changes	in	life	span	under	these	IF	regimens.	This	can	be	achieved	using	our	current	

micro)luidic	chip	design.

	 Another	possibility	is	that	IF	negatively	impacts	offspring	)itness.	It	is	well	

documented	that	perturbations	of	maternal	environment	can	result	in	transgenerational	

effects	(Frost	et	al.	2009;	Carone	et	al.	2010;	Dunn	and	Bale	2011).	Further	studies	can	

focus	on	the	effects	of	IF	with	respect	to	life	span	and	progeny	)itness	to	determine	whether	

trade	offs	can	be	avoided	or	redirected,	which	again	can	be	achieved	using	our	current	

micro)luidic	chip	design.
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	 This	study	has	identi)ied	a	dormant	state	occupied	by	germline	stem	cells	under	

conditions	of	reduced	reproductive	activity.	It	may	be	that	stem	cell	dormancy	helps	delay	

reproductive	cessation,	which	should	be	addressed	in	future	studies.	This	dormancy	may	be	

part	of	a	broader	set	of	responses	that	occur	in	responses	to	changes	in	reproductive	

activity;	for	example,	I	also	identi)ied	changes	in	hermaphrodite	germline	compartment	

makeup	that	occur	in	response	to	the	presence	of	males.	Most	interestingly,	these	changes	

occur	independently	of	increased	oocyte	fertilization.	This	suggests	the	existence	of	

previously-unsuspected	regulatory	mechanisms	that	may	integrate	sensing	of	

environmental	cues	with	regulation	of	germline	stem	cell	cycling	and	of	progression	

through	meiosis,	which	are	likely	strongly	linked	to	the	progression	of	reproductive	aging.	

! Finally,	my	)indings	raise	intriguing	questions	for	future	study	with	respect	to	the	

worm	germline	stem	cell	niche.	I	showed	that	DTC	processes	extension	is	sensitive	to	

mating	and	their	growth	is	active	and	dynamic.	One	important	question	to	resolve	will	be	

how	this	extension	is	regulated;	at	this	point,	nothing	is	known	about	molecular	

mechanisms	that	control	DTC	process	length.	Another	important	question	to	address	will	

be	the	impact	of	DTC	on	the	spatial	distribution	of	Notch	signaling.	The	Notch	receptor	is	

concentrated	in	the	distal	region	of	the	germline	mitotic	zone	(Crittenden	et	al.	1994),	but	

there	are	currently	no	direct	readouts	of	Notch	signaling	(an	antibody	speci)ic	to	the	

cleaved,	activated	form	of	Notch	does	not	exist	in	worms).	Development	of	markers	for	

Notch	activity	will	be	critical	to	determine	how	DTC	processes	shape	the	pro)ile	of	Notch	

signaling,	and	how	that	pro)ile	impacts	germline	stem	cell	behavior	such	as	progression	

through	the	cell	cycle.	An	alternative	method	to	test	the	role	of	processes	would	be	to	laser	

ablate	processes	and	determine	germ	cells	responses	in	terms	of	e.g.	mitotic	zone	size	and	
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cell	cycle	speed.	Overall,	a	better	understanding	of	the	control	exerted	over	stem	cells	by	

their	niche	will	likely	be	instrumental	in	understanding	how	IF	delays	reproductive	

cessation,	which	will	in	turn	aid	in	understanding	the	reproductive	aging	process	both	in	C.	

elegans	and	in	other	species.	
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