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Infertility	 is	 recognized	worldwide	 as	 a	 public	 health	 issue	 and	 there	 is	 a	 significant	

medical	 need	 to	 understand	 the	 mechanisms	 that	 underlie	 infertility	 so	 that	 we	 may	

progress	 towards	 designing	 better	 preventive	 and	 corrective	 measures.	 However,	 our	

current	understanding	of	factors	that	impact	fertility	is	not	complete.	

Oocyte	quality	 is	a	major	determinant	of	 fertility,	and	 the	end	quality	of	 the	oocyte	 is	

dependent	upon	proper	execution	of	developmental	events	preceding	 its	maturation	and	

fertilization.	Cellular	redox	state	 is	suggested	to	modulate	cell	 response	and	 function	and	

may	be	regulated	during	ovarian	 folliculogenesis.	We	hypothesize	redox	state	 is	dynamic	

during	 ovarian	 folliculogenesis,	 and	 in	 part	 be	 controlled	 by	 follicle	 metabolism.	

Furthermore,	 we	 also	 hypothesize	 perturbations	 in	 normal	 physiological	 antioxidant	

capacity	can	negatively	impact	fertility.	

This	dissertation	attempts	to	1)	spatially	clarify	the	bioenergetics,	metabolism,	and	the	

NADH/NAD+	 redox	 couple	 in	 primordial	 through	 pre-ovulatory	 follicles	 in	 whole	 ovary	

using	 the	 Phasor	 Approach	 to	 Fluorescence	 lifetime	 imaging	microscopy,	 2)	 identify	 the	

contribution	of	glutathione	(GSH)	to	proper	maintenance	of	fertility,	and	3)	understand	the	
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effects	of	oxidative	stress	on	the	primordial	follicle	reserve,	which	is	a	major	determinant	

of	fertile	lifespan.		

Taken	 together,	 the	 work	 in	 this	 dissertation	 extends	 our	 understanding	 of	

bioenergetics,	metabolism,	 and	 antioxidant	 requirements	 for	 normal	 folliculogenesis	 and	

proper	oocyte	quality.		

	



1	
		

Chapter	1	-	INTRODUCTION	

Involuntary	Infertility:	A	World	Wide	Concern	

The	 desire	 to	 conceive	 is	 pervasive	 amongst	 many	 individuals	 from	 different	 social,	

cultural,	and	religious	backgrounds	worldwide.	However,	not	all	individuals	who	desire	to	

conceive	are	able	to	achieve	this	goal.		

Infertility	has	been	recognized	worldwide	as	a	public	health	issue	by	the	World	Health	

Organization	(WHO),	and	has	defined	infertility	as	a	condition	meeting	one	or	several	of	3	

criteria:	1)	an	inability	to	become	pregnant,	2)	an	inability	to	maintain	a	pregnancy,	and	3)	

an	inability	to	carry	a	pregnancy	to	live	birth	(World	Health	Organization	2016).	In	2007,	a	

worldwide	 population	 survey	 estimated	 the	 prevalence	 of	 12-month	 infertility	 amongst	

women	 20-44	 years	 of	 age	 ranged	 from	 a	 prevalence	 of	 3.5%	 to	 16.7%	 in	 developed	

nations,	 and	 6.9%	 to	 9.3%	 in	 less	 developed	 nations	 with	 an	 estimated	 overall	 median	

prevalence	of	9%	(Boivin	et	al.	2007).	Another	worldwide	population	survey	published	in	

2012	reported	1.9%	of	child-seeking	women	aged	20–44	y	were	unable	to	have	a	first	live	

birth	 (primary	 infertility;	 95%	 uncertainty	 interval	 1.7%,	 2.2%),	 and	 10.5%	 of	 child-

seeking	 women	 with	 a	 prior	 live	 birth	 were	 unable	 to	 have	 an	 additional	 live	 birth	

(secondary	infertility;	9.5%,	11.7%)	(Mascarenhas	et	al.	2012).	

In	 the	 United	 States,	 the	 National	 Institute	 of	 Health	 (NIH)	 and	 Centers	 for	 Disease	

Control	 and	Prevention	 (CDC)	has	 defined	 infertility	 as	 the	 inability	 to	 become	pregnant	

after	1	year	of	 attempting	 to	 conceive	 (NICHD	2016;	Medicine	2016;	Centers	 for	Disease	

Control	 2016).	 The	 CDC	 reports	 approximately	 12%	 of	women	 15-44	 years	 of	 age	 have	

impaired	fecundity	(Centers	for	Disease	Control	2016).		
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The	 inability	 to	 fulfill	a	desire	 to	conceive	biological	children	has	been	reported	 to	be	

associated	 with	 serious	 psychological	 consequences	 that	 impact	 the	 quality	 of	 life	 of	

individuals	 concerned	 (Chachamovich	 et	 al.	 2010).	 Psychological	 research	 has	 suggested	

many	couples	experiencing	involuntary	infertility	feel	ostracized	from	society	(Slade	et	al.	

2007),	 in	 part	 due	 to	 perceived	 or	 real	 social	 unacceptability	 and	 lack	 of	 empathy	 from	

family	and	friends	regarding	their	experiences	(Cousineau	and	Domar	2007).	Infertility	has	

been	demonstrated	to	impact	the	quality	of	life	of	all	genders	(Murphy	2010;	Wierckx	et	al.	

2012),	 however,	 the	 majority	 of	 literature	 to	 date	 is	 centered	 upon	 non-transgendered	

females	 and	 males.	 .	 Numerous	 studies	 have	 suggested	 infertile	 women	 experience	

significantly	 higher	 levels	 of	 anxiety,	 and	 depressive	 disorder	 relative	 to	 normative	 data	

(Cousineau	and	Domar	2007;	Cwikel,	Gidron,	and	Sheiner	2004;	Chachamovich	et	al.	2010;	

Cui	 2010).	 In	 addition,	 previous	 work	 has	 suggested	 infertile	 women	 have	 global	

psychological	 symptom	 scores	 equivalent	 to	 cancer,	 cardiac	 rehabilitation	 and	

hypertension	patients	(Domar,	Zuttermeister,	and	FRIEDMAN	1993).	

In	 addition	 to	 psychological	 distress,	 infertility	 predisposes	 women	 to	 other	 health	

risks.	Nulliparity,	the	state	of	not	having	children,	is	suggested	to	be	a	cancer	risk	factor	in	

women	 above	 the	 age	 of	 35	 and	 is	 recognized	 as	 a	 risk	 factor	 by	 the	 American	 Cancer	

Society	(Society	2016b;	Society	2016a;	Cetin,	Cozzi,	and	Antonazzo	2008;	H.	P.	Yang	et	al.	

2015).	Nulliparous	women	who	have	never	carried	a	pregnancy	to	term	have	a	higher	risk	

for	 ovarian	 and	 endometrial	 cancers	 (Cetin,	 Cozzi,	 and	Antonazzo	2008;	H.	 P.	 Yang	 et	 al.	

2015).	 Females	 with	 premature	 ovarian	 failure,	 a	 major	 subtype	 of	 infertility,	 have	

increased	risk	for	ischemic	stroke	(Rocca	et	al.	2012),	coronary	heart	disease	(Wellons	et	

al.	2012),	osteoporosis	and	Alzheimer’s	disease	(Beck-Peccoz	and	Persani	2006).	
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There	is	a	strong	medical	need	to	effectively	treat	and	remedy	involuntary	infertility,	in	

addition	 to	 therapeutic	 psychological	 intervention.	 This	 requires	 us	 to	 develop	 more	

effective,	affordable,	and	efficient	methods	of	assisted	reproduction	to	increase	success	of	

reproductive	outcomes.	To	improve	assisted	reproduction	techniques,	we	must	also	obtain	

a	 more	 complete	 understanding	 of	 causative	 molecular	 and	 developmental	 mechanisms	

that	underlie	infertility	which	are,	to	date,	not	fully	characterized.	

	

The	Oocentric	Side	of	Assisted	Reproduction	Technology	and	Scientific	Study	

A	significant	portion	of	assisted	reproductive	technology	and	scientific	study	is	focused	

on	 further	 understanding	 of	 factors	 that	 impact	 oocyte	 quality.	 The	 oocyte	 provides	 a	

majority	 of	 cytoplasmic	 contents	 required	 for	 the	 fertilized	 developing	 zygote	 such	 as	

proteins,	 organelles,	 ribosomes,	 and	 maternal	 mRNA	 that	 are	 critical	 for	 initiation	 of	

zygotic	 development	 (L.	 Li,	 Zheng,	 and	 Dean	 2010).	 All	 zygotic	 mitochondria	 and	

mitochondrial	DNA	are	inherited	from	the	maternal	oocyte	(Babayev	and	Seli	2015).		

Perhaps	the	most	remarkable	demonstration	of	 the	central	role	of	oocyte	cytoplasmic	

content	to	fertility	is	the	generation	of	offspring	by	somatic	cell	nuclear	transfer	(SCNT).	In	

1952,	 researchers	 in	 Philadelphia,	 Pennsylvania,	 United	 States	 demonstrated	 it	 was	

possible	to	transplant	the	nucleus	from	undifferentiated	blastula	stage	amphibian	cell	into	

an	 enucleated	 amphibian	 oocyte	 to	 produce	 live	 offspring	 (BRIGGS	 and	 KING	 1952).	

Subsequent	investigations	by	other	researchers	demonstrated	this	could	also	be	achieved	

in	mammals	(MCGRATH	and	SOLTER	1983;	Collas	and	Barnes	1994;	Illmensee	and	Hoppe	

1981).	 In	 1996,	 significant	 public	 media	 attention	 was	 placed	 on	 the	 birth	 of	 Dolly	 the	

Sheep	 when	 Campbell	 et	 al.	 demonstrated	 a	 nucleus	 taken	 from	 an	 established	 ovine	
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epithelial	 cell	 line	 could	 be	 transplanted	 into	 an	 ovine	 enucleated	 oocyte	 to	 achieve	 live	

offspring	(Campbell	et	al.	1996;	K.	D.	Sinclair	et	al.	2016).	These	techniques	were	 further	

refined	 and	 applied	 in	 non-human	 primate(Mitalipov	 et	 al.	 2007;	 Tachibana	 et	 al.	 2009)	

and	eventually	human	models	(Craven	et	al.	2010;	Tachibana	et	al.	2013;	Paull	et	al.	2013).	

Although	the	ethics	and	long	term	health	of	nuclear	transplant	derived	offspring	remain	a	

subject	of	controversy	(Gurdon	and	Byrne	2004;	Corr	et	al.	2016;	Reinhardt,	Dowling,	and	

Morrow	 2013),	 these	 experiments	 nevertheless	 demonstrate	 the	 significant	 contribution	

the	oocyte	cytoplasm	confers	 to	zygotic	developmental	potential	 that	 is	conserved	across	

species.	

In	2005,	similar	nuclear	transplantation	experiments	were	eventually	 implemented	to	

create	 “reconstructed”	 oocytes	 consisting	 of	 a	 nucleus	 from	 an	 egg	 with	 defective	

mitochondria/mtDNA	 transplanted	 to	 an	 enucleated	 egg	 with	 healthy	

mitochondria/mtDNA.	 These	 experiments	 were	 first	 performed	 in	 mice	 (A.	 Sato	 et	 al.	

2005)	and	subsequently	non-human	primates(Tachibana	et	al.	2009).	These	experiments	

demonstrated	these	reconstructed	oocytes	could	be	fertilized	to	achieve	live	offspring	free	

of	mitochondrial	deficits	in	the	donor	nucleus	egg	cytoplasm	(Tachibana	et	al.	2009;	A.	Sato	

et	al.	2005;	Paull	et	al.	2013;	Craven	et	al.	2010;	Tachibana	et	al.	2013).		These	techniques	

are	now	clinically	 applied	 to	humans	as	 reproductive	 therapy	 to	prevent	mtDNA	disease	

transmission	from	mother	to	child,	dubbed	by	the	media	as	“three-parent	babies”.		

Other	research	has	demonstrated	good	quality	oocytes	may	be	used	to	overcome	some	

instances	of	severe	male	factor	infertility	with	previously	unsuccessful	in	vitro	fertilization	

outcomes	 (Oehninger	 et	 al.	 1995).	 Intracytoplasmic	 sperm	 injection	 (ICSI)	 of	 abnormal	

sperm	 into	 good	 quality	 oocytes	 has	 been	 demonstrated	 to	 achieve	 pregnancy	 and	 is	 a	
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practiced	 method	 of	 assisted	 reproduction	 preferentially	 used	 to	 treat	 male	 factor	

infertility	(PALERMO	et	al.	1992;	Oehninger	et	al.	1995;	Shuai	et	al.	2015;	Neri	et	al.	2004).	

Studies	have	 indicated	 significant	 correlation	between	good	oocyte	quality,	 good	embryo	

quality	and	higher	pregnancy	rate	after	ICSI	 in	infertility	patients	with	strong	male	factor	

infertility	(Loutradis	et	al.	1999;	Serhal	et	al.	1997).	While	some	suggest	sperm	quality	does	

not	 impact	 impact	 reproductive	 outcome	 in	 patients	 treated	 with	 ISCI	 (Oehninger	 et	 al.	

1995;	Y.	Wu	et	al.	2016),	studies	by	Zini	et	al.	suggest	sperm	DNA	damage	is	associated	with	

significantly	increased	risk	for	pregnancy	loss	after	IVF	and	ISCI(Zini	et	al.	2016).	

The	 significant	 contribution	 of	 the	 oocyte	 to	 zygotic	 developmental	 potential	 and	

successful	pregnancy	outcomes	establish	a	need	to	thoroughly	understand	what	underlies	

good	oocyte	quality.	Fundamentally,	the	generation	of	a	good	quality	oocyte	is	dependent	

upon	 the	 successful	 execution	 of	 molecular,	 metabolic,	 and	 developmental	 pathways	

achieved	largely	during	oocyte	maturation.		

	

Primordial	Germ	Cells	to	Ovulated	Oocytes:	A	General	Overview	of	Key	Developmental	

Events	During	Formation	and	Maturation	of	Oocytes	in	Mus	Musculus	

Oocytes	and	spermatozoa	 share	 common	beginnings	as	primordial	 germ	cells	 (PGCs).	

Previous	research	has	suggested	PGCs	arise	from	a	cluster	of	approximately	50	multipotent	

precursor	 cells	 correlated	 with	 high	 levels	 of	 tissue	 non-specific	 alkaline	 phosphatase	

activity	 (CHIQUOINE	1954;	Ginsburg,	Snow,	and	McLaren	1990;	MacGregor,	Zambrowicz,	

and	Soriano	1995;	McLaren	2000c;	McLaren	2003;	Lawson	and	Hage	1994),	fragilis,	stella,	

and	blimp	(Saitou,	Barton,	and	Surani	2002a;	Ohinata	et	al.	2005)	expression	located	in	the	

extraembryonic	region	posterior	to	the	primitive	streak	during	gastrulation	7-7.5	days	post	
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coitum	(dpc)	of	a	developing	mouse	embryo	(McLaren	2000a;	McLaren	2003).	This	small	

population	of	multipotent	precursor	cells	are	suggested	to	be	specified	by	signals	provided	

by	 the	 adjacent	 extra-embryonic	 ectoderm	 (Tam	 and	 Zhou	 1996;	 Lawson	 et	 al.	 1999;	

McLaren	1999;	McLaren	2000b;	T	Yoshimizu	2001;	Y.	Ying	et	 al.	 2000;	Y.	Ying	and	Zhao	

2001;	 Y.	 Ying,	 Qi,	 and	 Zhao	 2001;	 Saitou,	 Barton,	 and	 Surani	 2002b).	 Although	 Bmp	

signaling	has	previously	been	implied	to	be	involved	in	this	process	(Y.	Ying	et	al.	2000;	Y.	

Ying	and	Zhao	2001;	Y.	Ying,	Qi,	and	Zhao	2001;	Saitou,	Barton,	and	Surani	2002a),	the	full	

scope	of	signaling	pathways	responsible	for	PGC	specification	continues	to	remain	largely	

uncharacterized.	 However,	 it	 has	 previously	 been	 suggested	 that	 specification	 of	 these	

multipotent	progenitors	 into	primordial	 germ	cells	 generally	 involves	 suppression	of	 the	

somatic	 transcriptional	 program,	 expression	 of	 transcriptional	 repressor	 Blimp1	 and	

transcriptional	suppression	of	Hox	genes	(Saitou,	Barton,	and	Surani	2002a;	Ohinata	et	al.	

2005;	Kurimoto	et	al.	2008).	

Near	 the	 end	 of	 gastrulation	 (24	 hours	 post	 germ	 cell	 specification),	 the	 posterior	

visceral	 endoderm	 moves	 inside	 to	 form	 the	 hind	 gut	 resulting	 in	 the	 distribution	 of	

primordial	germ	cells	along	the	hind	gut	(Snow	and	Monk	1983;	McLaren	2000a;	McLaren	

2003;	 Richardson	 and	 Lehmann	 2010).	 Primordial	 germ	 cells	 are	 suggested	 to	 migrate	

dorsally	from	the	ventral	side	of	the	gut,	into	the	body	wall	towards	the	notochord	and	the	

dorsal	aorta,	around	the	ceolomic	angle	on	each	side	and	into	the	forming	genital	ridges	at	

approximately	10	-	11	dpc	(Snow	and	Monk	1983;	DONOVAN	et	al.	1986;	GODIN,	WYLIE,	

and	 HEASMAN	 1990;	 GOMPERTS	 et	 al.	 1994;	 McLaren	 2000c;	 Doitsidou	 et	 al.	 2002;	

McLaren	 2003;	 Ewen	 and	 Koopman	 2010;	 R.	 Anderson	 et	 al.	 2000;	 Richardson	 and	

Lehmann	2010).		



7	
		

Upon	arrival	in	the	genital	ridge,	primordial	germ	cells	become	classified	as	gonocytes	

and	 turn	 on	 germ-cell-specific	 genes	 including	 but	 not	 limited	 to	mouse	 vasa	 homolog	

(Mvh)(Toyooka	 et	 al.	 2000)	 and	 germ	 cell	 nuclear	 antigen	 1	 (GCNA1)(ENDERS	 and	MAY	

1994),	and	are	suggested	to	markedly	reduce	their	motility	(DONOVAN	et	al.	1986).		While	

previous	work	has	implied	germ	cells	aggregate	to	form	clusters	upon	arrival	at	the	genital	

ridge	 at	 10.5	 dpc	 (GOMPERTS	 et	 al.	 1994),	 characterization	 of	 germ	 cell	 progenitors	 by	

Pepling	 et	 al,	 1998	 suggest	 these	 clusters	 are	 instead	 cysts	 derived	 from	 successive	

divisions	of	single	progenitor	cells	that	arrive	at	the	gonadal	ridge.	At	10.5	dpc,	Pepling	et	

al,	1998	characterized	85%	of	female	germ	cell	precursors	to	exist	as	single	cells,	13%	in	

clusters	of	 two,	and	 the	remainder	 in	clusters	of	3-4	(Pepling	and	Spradling	1998).	From	

10.5	 dpc	 to	 as	 late	 as	 15.5	 dpc,	 in	 the	 absence	 of	 the	 sex-determining	 region	 on	 the	 Y	

chromosome	(SRY),	germ	cell	clusters	(now	called	oogonia)	have	been	observed	to	initiate	

mitotic	division	synchronously	in	cysts	at	a	rate	correlated	with	2n(Pepling	and	Spradling	

1998;	 Lei	 and	 Spradling	 2013a).	 However,	 it	 has	 been	 suggested	 mitotic	 synchrony	 is	

disrupted	 as	 development	 progresses	 (Lei	 and	 Spradling	 2013a).	 Divisions	 are	

characterized	by	incomplete	cytokinesis	leaving	the	formation	of	intercellular	bridges	and	

connecting	microtubule	 networks	 between	 adjacent	 sister	 oogonia	 (cystocytes)	 (Pepling	

and	Spradling	1998;	Lei	and	Spradling	2013a;	Lei	and	Spradling	2016).	Microtubules	have	

been	 suggested	 to	 facilitate	 the	 transport	 organelles	 and	 specific	 mRNAs	 between	

cystocytes	(Pepling	2006).	Lei	et	al,	2013	observed	partial	fragmentation	and	separation	of	

germline	 cysts	 into	 smaller	 cysts	 over	 the	 course	 mitotic	 development	 which	 they	

attributed	 to	 completed	 cytokinesis	 between	 adjacent	 cystocytes	 (Lei	 and	 Spradling	

2013a).	 Mitotic	 germ	 cell	 doubling	 time	 is	 suggested	 to	 be	 approximately	 15-16	 hours	
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(Tam	 and	 Snow	 1981;	 Lei	 and	 Spradling	 2013a).	 Mitochondrial	 aggregates	 that	 will	

eventually	form	the	Balbiani	body	in	primordial	oocytes	are	also	suggested	to	form	during	

this	 time	 (Pepling	 et	 al.	 2007).	 The	 Balbiani	 body	 is	 a	 collection	 of	 mitochondria,	

endoplasmic	reticulum,	and	granulofibrillar	material	organized	in	a	characteristic	manner	

(Pepling	 et	 al.	 2007)	 and	 is	 hypothesized	 to	 play	 a	 role	 in	 germ	 plasm	 development	 of	

primordial	 follicles	 (Cox	 and	 Spradling	 2003).	 Oogonia	 have	 been	 observed	 to	 enter	

meiosis	as	early	as	13.5	dpc	(Monk	and	McLaren	1981;	McLaren	2000a)	and	as	late	as	birth	

(Pepling	2006),	and	it	has	been	suggested	meiotic	entry	occurs	in	an	anterior	to	posterior	

fashion	within	the	genital	ridge	based	on	observations	of	anterior	to	posterior	gradients	of	

meiosis	associated	Stimulated	by	Retinoic	Acid	gene	8	(Stra8),	DNA	Meiotic	Recombinase	1	

(Dmc1)	(E.	L.	Anderson	et	al.	2008;	Menke,	Koubova,	and	Page	2003;	Cordeiro	et	al.	2015)	

and	 Synaptonemal	 Complex	 Protein	 3	 (Sycp3)	 (Bullejos	 and	 Koopman	 2004)	 gene	

expression	by	 in	 situ	hybridization.	Additional	 studies	 suggest	 these	gradients	are	driven	

by	 retinoid	 signaling	 in	 the	 mesonephric	 tubules	 adjacent	 to	 the	 anterior	 pole	 of	 the	

gonad(Bowles	 et	 al.	 2006).	 	 A	 recently	 published	 study	 replicated	 previous	 observations	

and	additionally	noted	that	the	anterior-ventral	side	of	the	ovary	exhibited	earliest	onset	of	

meiosis	 (Cordeiro	 et	 al.	 2015).	 After	meiotic	 entry,	 ovarian	 germ	 cells	 are	 referred	 to	 as	

oocytes.	Oocytes	progress	 into	prophase	and	arrest	at	diplotene	of	meiosis	 I	and	become	

referred	 to	 as	 oocytes	 (McLaren	2000c;	 Pepling	2006).	 Following	meiotic	 arrest,	 oocytes	

undergo	cyst	breakdown	and	are	suggested	to	undergo	a	wave	of	apoptosis	that	markedly	

reduce	the	total	number	of	oocytes	(Borum	1961;	Beaumont	and	Mandl	1962;	Coucouvanis	

et	 al.	 1993;	 Pepling	 2006;	 Flaws	 et	 al.	 2001).	 Approximately	 only	 20-33%	 of	mitotically	

generated	oocytes	are	suggested	to	develop	into	primordial	follicles	containing	a	Balbiani	
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body	(Pepling	et	al.	2007;	Lei	and	Spradling	2016).	This	has	been	estimated	to	amount	to	

an	 efficiency	 of	 6.4	 primordial	 follicles	 produced	 per	 single	 E10.5	 germ	 cell	 (Lei	 and	

Spradling	2013a).	Although	it	was	previously	thought	that	cyst	breakdown	was	driven	by	

apoptosis	 of	 several	 cystocytes	 within	 each	 cyst(Pepling	 2006),	 a	 recent	 study	 has	

suggested	cyst	breakdown	and	apoptosis	occur	as	separate,	but	sequential	events(Lei	and	

Spradling	 2013a;	 Lei	 and	 Spradling	 2016).	 Recent	 work	 also	 suggests	 a	 mechanism	 by	

which	neighboring	cystocytes	serve	as	nursing	cells	by	endowing	their	mRNA,	proteins	and	

organelles	to	cystocytes	destined	to	become	the	primordial	oocytes	(Pepling	and	Spradling	

1998;	 Pepling	 and	 Spradling	 2001;	 Pepling	 2006;	 Lei	 and	 Spradling	 2013b;	 Lei	 and	

Spradling	2016).	Lei	et	al,	2016	presented	3D	morphological	data	and	other	experimental	

evidence	 suggesting	 a	 microtubule	 facilitated	 mechanism	 whereby	 nursing	 cystocytes	

endow	their	organelles	to	adjacent	cystocytes	for	Balbiani	body	assembly.	Furthermore,	Lei	

et	 al,	 2016	 demonstrated	 that	 cystocytes	 containing	 a	 Balbiani	 body	 had	 significantly	

reduced	 staining	with	 the	 early	 apoptosis	marker	 Annexin	 V,	 suggesting	 cystocytes	 that	

form	Balbiani	bodies	are	the	same	oocytes	that	survive	to	become	primordial	follicles	(Lei	

and	Spradling	2016).		

Oogonia	 become	 surrounded	 by	 pre-granulosa	 cells	 starting	 at	 E15.5	 (Sarraj	 and	

Drummond	 2012).	 Following	 the	 first	 wave	 of	 apoptosis	 and	 birth,	 surviving	 oocytes	

become	invaded	by	pre-granulosa	cells	and	mature	into	primordial	follicles	from	postnatal	

day	(PND)	0	to	approximately	PND	5	(Byskov	1986;	McLaren	2000a;	Pepling	2006;	Pepling	

et	al.	2010).	This	process	is	essential	in	establishing	the	primordial	follicle	supply	that	may	

potentially	 develop	 and	 ovulate	 during	 the	 female	 reproductive	 lifespan.	 Factors	 that	

reduce	the	number	or	quality	of	the	primordial	follicle	pool	can	result	in	infertility	(Morita	
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and	 Tilly	 1999;	 Skinner	 2005).	Mechanisms	 that	 coordinate	 primordial	 follicle	 assembly	

are	not	yet	completely	understood.	However,	previous	work	supports	that	activin	(Bristol-

Gould	 et	 al.	 2006),	 estradiol	 (Chen,	 Breen,	 and	 Pepling	 2009;	 Pepling	 et	 al.	 2010;	 Chen,	

Jefferson,	et	al.	2007),	Notch	(Xu	and	Gridley	2013;	Vanorny	et	al.	2014),	and	FGF2(Nilsson,	

Zhang,	and	Skinner	2013)	can	regulate	primordial	follicle	assembly	and	impact	the	number	

of	 primordial	 follicles	 formed	 (Pepling	 2006).	 Previous	 work	 has	 also	 implicated	

divergence	in	pre-granulosa	cell	populations	that	invade	primordial	follicles	in	the	ovarian	

medulla	compared	with	the	ovarian	cortex	(Mork	et	al.	2012).	Mork	et	al,	2012	suggest	a	

multi-lineage	mode	of	granulosa	cell	inheritance	where	ovarian	medullary	primordial	pre-

granulosa	cells	are	derived	from	supporting	cell	precursors	in	the	bipotential	gonad	before	

e11.5,	while	ovarian	cortex	primordial	pre-granulosa	cells	are	derived	from	supporting	cell	

precursors	 from	 ovarian	 surface	 epithelium	 perinatally.	 Although	 the	 authors	 suggest	

medullary	 and	 cortical	 primordial	 granulosa	 cells	 are	 classified	 into	 two	 separate	

populations,	 the	 authors	 of	 this	 work	 also	 propose	 both	 granulosa	 cell	 populations	 are	

likely	 descendants	 of	 a	 single	 progenitor	 source	 (Mork	 et	 al.	 2012).	 Alternatively,	

Hummitzsch	et	al,	2013	suggest	an	alternate	hypothesis	in	bovine	whereby	Gonadal	Ridge	

Epithelial-Like	(GREL)	progenitors,	derived	from	the	mesonephros	surface	epithelium,	give	

rise	to	pre-granulosa	cells	of	both	medullary	and	cortical	primordial	follicles	(Hummitzsch	

et	 al.	 2013).	 This	 work	 proposes	 that	 mesonephros	 stromal	 cell	 stream	 invasion	 drives	

formation	 of	 ovigerous	 cords	 that	 enclose	 GREL	 progenitors	 and	 oogonia	 at	 both	 the	

medulla	 and	 the	 cortex.	 These	 authors	 propose	 common	 GREL	 progenitors	 give	 rise	 to	

granulosa	 cells	 that	 are	 incorporated	 in	 both	medullary	 and	 cortical	 primordial	 follicles	

(Hummitzsch	et	al.	2013).		
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Primordial	 follicles	 are	 closely	 surrounded	by	 a	 complex	 extra-follicular	 environment	

that	 includes	 ovarian	 stroma,	 theca	 cells	 at	 various	 stages	 of	 differentiation,	 branches	 of	

systemic	 circulation,	 nervous	 system	 and	 scavenger	 cells	 (Picton	 2001).	 Following	

primordial	follicle	assembly,	surviving	primordial	follicles	are	maintained	in	the	quiescent	

state	until	they	are	selected	for	activation.	The	recruitment	of	primordial	follicles	from	the	

quiescent	 pool	 for	 activation	 and	 commitment	 to	 subsequent	 stages	 of	 follicular	

development	 is	 critical	 for	 the	 continuity	 of	 folliculogenesis	 throughout	 the	 reproductive	

life-span	 of	 all	 mammals	 (Matzuk	 et	 al.	 2002).	 However,	 the	 trigger	 for	 individual	

primordial	follicle	activation	and	the	mechanism	by	which	a	particular	follicle	is	selected	to	

grow	while	others	remain	dormant	is	still	not	fully	understood	(Cordeiro	et	al.	2015).		

Studies	have	 suggested	 that	primordial	 follicles	 in	 the	neonatal	 to	pre-pubertal	ovary	

may	be	divided	into	two	classes:	1)	primordial	follicles	located	in	the	ovarian	medulla	that	

are	 activated	 from	 birth	 up	 to	 the	 onset	 of	 sexual	 maturity	 (PND	 0	 –	 PND90),	 and	 2)	

primordial	follicles	located	in	the	ovarian	cortex	that	begin	activation	in	young	adulthood	

and	onward	(PND45	and	onward)(Hirshfield	1992;	Mork	et	al.	2012;	W.	Zheng	et	al.	2014).	

These	studies	have	characterized	the	minimal	developmental	times	for	these	two	classes	of	

primordial	 follicles,	with	the	first	wave	of	medullary	primordial	 follicles	developing	more	

than	twice	as	fast	as	the	second	wave	of	cortical	primordial	follicles	(W.	Zheng	et	al.	2014).	

Recent	work	by	Cordeiro	et	al,	2015	suggest	primordial	follicle	activation	may	be	spatially	

regulated,	 with	 the	 first	 activated	 primordial	 follicles	 observed	 in	 the	 anterior-dorsal	

region	 of	 the	 ovary	 at	 the	 cortico-medullary	 interface	 (Cordeiro	 et	 al.	 2015).	 However,	

additional	studies	are	required	to	confirm	these	findings.	Several	signaling	molecules	and	

are	implicated	in	primordial	follicle	activation.	Signaling	molecules	demonstrated	to	impact	
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primordial	 follicle	 activation	 in	 transgenic	 mouse	 models	 are	 summarized	 later	 (see	

Scientific	Study	in	Transgenic	Mice	with	Accelerated	Primordial	Follicle	Depletion).		

Following	 primordial	 follicle	 activation,	 somatic	 granulosa	 cells	 that	 surround	 the	

oocyte	 transition	 from	 a	 flat	 to	 cuboidal	 morphology	 and	 enter	 mitosis,	 as	 the	 follicle	

matures	through	primary,	secondary,	and	antral	stages	of	development	that	are	classified	

according	 to	 a	 morphometric	 rubric	 (Pedersen	 and	 Peters	 1968).	 Maturation	 of	 a	

primordial	 follicle	 to	 a	 selected	 ovulatory	 follicle	 is	 orchestrated	 by	 an	 interaction	 of	

paracrine,	 autocrine,	 and	 endocrine	 factors	 (Araújo	 et	 al.	 2013).	 The	 ovarian	 follicle	 has	

been	 referred	 to	 as	 a	 functional	 syncytium,	 with	 the	 oocyte	 coupled	 to	 surrounding	

granulosa	cells	through	gap	junctions	(Ackert	et	al.	2001;	Kidder	and	Mhawi	2002;	Kidder	

and	Vanderhyden	2010;	Eppig	1991;	Albertini	et	al.	2001;	Brower	and	Schultz	1982;	R.	Li	

and	Albertini	2013).	Primordial	through	primary	stage	follicles	have	no	vascular	network	

and	 rely	 on	 diffusion	 of	 oxygen	 and	 nutrients	 from	 stromal	 vessels	 (H.	 M.	 Brown	 and	

Russell	 2013).	 Several	 studies	 have	 suggested	 coordinated	 metabolic	 cooperativity	

between	granulosa	cells	and	oocyte	during	the	course	of	follicular	growth	and	maturation	

(Sugiura,	Pendola,	and	Eppig	2005;	S.	E.	Harris	et	al.	2007;	S.	E.	Harris	et	al.	2009).	Greater	

than	85%	of	metabolites	present	in	follicle	enclosed	oocytes	are	suggested	to	be	originally	

taken	 up	 by	 granulosa	 cells	 and	 transferred	 to	 the	 oocyte	 via	 transzonal	 projections	

extending	 from	 the	 granulosa	 cell	 to	 the	 oocyte	 and	 gap	 junctions	 (Heller,	 Cahill,	 and	

Schultz	 1981;	 Albertini	 et	 al.	 2001).	 Additionally,	 symbiotic	 bidirectional	 paracrine	

signaling	 between	 granulosa	 cells	 and	 oocytes	 occurs	 and	 is	 essential	 for	 continued	

follicular	development	(Eppig	2001;	La	Fuente	and	Eppig	2001;	Matzuk	and	Burns	2012;	R.	

Li	and	Albertini	2013;	Kidder	and	Vanderhyden	2010).	The	minimal	duration	of	 time	 for	
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murine	follicle	development	from	the	primordial	to	primary	stage	has	been	estimated	at	7-

9	days,	and	development	from	the	primary	to	secondary	stage	has	been	estimated	at	15-16	

days	(W.	Zheng	et	al.	2014).	

Starting	at	the	secondary	stage	of	development,	theca	cell	progenitors	are	recruited	to	

the	 surface	 of	 the	 follicle	 to	 provide	 structural	 support	 and	 androgen	 production	 during	

later	growth	(Young	and	McNeilly	2010).	Theca	cells	produce	androstenedione,	a	necessary	

substrate	 for	 estradiol	 production	 in	 neighboring	 granulosa	 cells.	 Paracrine	 signals	

secreted	 from	 primary	 follicles	 are	 suggested	 to	 initiate	 recruitment	 of	 theca	 cell	

progenitors	to	the	surface	of	the	follicle(Young	and	McNeilly	2010).	Theca	cell	recruitment	

appears	 to	 occur	 autonomously	 of	 gonadotropins	 (Matzuk	 and	 Burns	 2012).	 Theca	 cells	

also	 share	gap	 junctions	with	neighboring	granulosa	cells	and	become	part	of	 the	 follicle	

syncytium	 from	 the	 secondary	 follicle	 stage	 and	 onward.	 Studies	 in	 primates	 have	

suggested	endothelial	cells	from	blood	vessels	in	the	adjacent	ovarian	stroma	are	recruited	

to	secondary	stage	follicles	after	the	establishment	of	 the	theca	cell	compartment	(Fraser	

2006;	 Wulff	 et	 al.	 2001).	 Continued	 follicle	 maturation	 past	 the	 secondary	 stage	 is	

maintained	 by	 the	 cyclic	 hormonal	 control	 of	 the	 hypothalamic-pituitary	 gonadal	 axis	

(Kumar	et	al.	1997;	Habenicht	and	Aitken	2010).	Pituitary	secretion	of	follicle	stimulating	

hormone	(FSH)	is	critical	for	progression	of	follicles	to	the	antral	follicle	stage.	Secondary	

follicle	maturation	 to	 the	antral	 follicle	stage	has	been	estimated	 to	 take	13-14	days.	The	

antral	follicle	stage	is	marked	by	the	formation	of	an	cavity	(antrum)	filled	with	fluid	that	is	

derived	 from	 the	bloodstream	via	 thecal	 capillaries	and	components	 secreted	by	somatic	

granulosa	 cells	 (Hennet	 and	 Combelles	 2012;	 R.	 J.	 Rodgers	 and	 Irving-Rodgers	 2010;	

Gosden,	 Hunter,	 and	 Telfer	 1988).	 This	 fluid	 contains	 a	 variety	 of	 molecules	 including	
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steroid/protein	 hormones,	 anticoagulants,	 enzymes	 and	 electrolytes	 (Hennet	 and	

Combelles	 2012).	 The	 composition	 of	 follicular	 fluid	 is	 similar	 to	 serum	 with	 most	

electrolytes	and	other	low-molecular-weight	components	present	at	similar	concentrations	

(Gosden,	Hunter,	and	Telfer	1988;	R.	J.	Rodgers	and	Irving-Rodgers	2010).	From	the	mid	to	

late	 antral	 follicle	 stage	 the	 follicular	 syncytium	 increases	 in	 complexity,	 requiring	 FSH	

secreted	 from	 the	 pituitary	 and	 coordination	 of	 paracrine	 signaling	 networks	 between	

participating	 vasculature,	 theca	 cells,	 mural	 granulosa	 cells,	 follicular	 fluid,	 cumulus	

granulosa	 cells,	 and	 oocyte	 (Lunenfeld	 and	 Insler	 1993).	 Few	 follicles	 are	 successful	 in	

maturing	past	 the	antral	 follicle	 stage,	 and	 the	majority	of	 follicles	die	 through	a	process	

termed	 atresia	 (Lunenfeld	 and	 Insler	 1993).	 FSH	mediates	 continued	 mitotic	 activity	 of	

granulosa	 cells	 (Robker	 and	 Richards	 1998)	 and	 decreased	 FSH	 responsiveness	 is	

associated	with	atresia	 (Burns	et	al.	2001).	Activins	produced	 in	granulosa	cells	promote	

FSH-induced	 mitosis	 and	 have	 been	 suggested	 to	 mediate	 FSH	 induced	 granulosa	 cell	

steroidogenic	differentiation	 (Hillier	2001).	 Effects	 of	 FSH	are	mediated	by	FSH	 receptor	

(FSH-R)	 binding,	 leading	 to	 the	 activation	 of	 several	 signaling	 pathways,	 including	 cAMP	

production	and	activation	of	protein	kinase	A	(Richards	et	al.	1998).		

Maturation	of	early	antral	 follicles	 to	pre-ovulatory	 follicles	 is	estimated	to	 take	more	

than	10	days(W.	Zheng	et	al.	2014).	Follicles	 selected	 for	 the	pre-ovulatory	stage	expand	

their	 antral	 cavities	 and	 granulosa	 cells	 diverge	 into	 two	 functionally	 distinct	 lineages:	

cumulus	granulosa	cells	 that	directly	 surround	 the	oocyte	and	mural	granulosa	cells	 that	

line	 the	 follicular	 wall	 (Khamsi	 and	 Roberge	 2001).	 Cumulus	 granulosa	 cell	 identity	 is	

maintained	 through	 secreted	 signals	 from	 the	oocyte,	 including	Bmp15	and	Gdf9	growth	

factor	 signaling	 (Sugiura	 et	 al.	 2010;	 Vanderhyden,	 Macdonald,	 and	 Nagyova	 2003;	



15	
	

Vanderhyden	 et	 al.	 1990;	 Dragovic	 et	 al.	 2005;	 Hussein	 et	 al.	 2005).	 Comparison	 of	

granulosa	 cells	 in	 cumulus-oocyte	 complexes	 and	 cumulus-oocytectomized	 complexes	

suggests	 that	 secreted	 oocyte	 factors	 are	 responsible	 for	 functional	 differences	 between	

cumulus	 and	 mural	 granulosa	 cells	 (Eppig	 et	 al.	 1997;	 R.	 Li	 et	 al.	 2000).	 Inhibin	 and	

follistatin	 are	 produced	 in	 progressively	 greater	 amounts	 as	 follicles	mature	 to	 the	 pre-

ovulatory	 stage,	 stimulating	 thecal	 androgen	 synthesis	 and	 conversion	 of	 androgens	 to	

estrogen	 in	 granulosa	 cells	 by	 aromatase	 (cytochrome	 P450arom,	 CYP19)	 (Hillier	 2001;	

Hillier	1994).	Concurrently,	FSH	signaling	stimulates	Luteinizing	Hormone	receptor	(LH-R)	

expression	in	pre-ovulatory	mural	granulosa	cells	(Camp,	Rahal,	and	Mayo	1991;	Erickson,	

Wang,	 and	Hsueh	 1979;	Hillier	 2001).	 LH-R	 is	 highly	 expressed	 in	mural	 granulosa	 cells	

compared	to	little	to	no	LH-R	detected	in	cumulus	granulosa	cells	(Eppig	et	al.	1997;	Camp,	

Rahal,	and	Mayo	1991;	Russell	and	Robker	2007).	Paracrine	signals	from	the	oocyte	inhibit	

expression	of	LH-R	in	cumulus	granulosa	cells	(Eppig	et	al.	1997;	Camp,	Rahal,	and	Mayo	

1991;	Russell	and	Robker	2007).		

As	 pre-ovulatory	 follicles	 grow,	 estradiol	 production	 increases	 initiating	 endocrine	

positive	feedback	with	the	hypothalamus	to	induce	a	pulsatile	increase	of	both	FSH	and	LH	

termed	the	gonadotropin	surge	(Hillier	2001;	H.	M.	Brown	and	Russell	2013;	Hennet	and	

Combelles	2012).	The	LH	gonadotropin	surge	initiates	signaling	cascades	for	granulosa	cell	

luteinization	 and	 signals	 the	 oocyte	 to	 initiate	meiotic	maturation,	 extrusion	 of	 the	 first	

polar	 body,	 and	 eventually	 rupture	 of	 the	 follicle	 wall	 (Hillier	 2001;	 Conti	 et	 al.	 1998;	

Russell	 and	 Robker	 2007).	 Signaling	 pathways	 involved	 include	 but	 are	 not	 limited	 to	

activation	of	cAMP	dependent	protein	kinase	A	(PKA),	CBP/p300,	Extracellular	Regulated	

Kinase	 (Erk1/2	 aka	 MAPK),	 progesterone	 receptor	 (PR),	 Ptgs/prostaglandins,	 and	
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Phosphatidylinositol	 3-kinase	 (PI3K/Akt)	 pathways	 (Russell	 and	 Robker	 2007).	 The	 LH	

surge	 also	 initiates	 cumulus	 expansion	 or	 cumulus	mucification	which	 is	 the	 production	

and	 stabilization	 of	 the	 local	 extracellular	 matrix	 that	 envelops	 the	 cumulus-oocyte	

complex	 (COC).	 The	LH	 surge	 stimulates	production	of	 extracellular	 growth	 factor	 (EGF)	

ligands	(EGF-L)	from	mural	granulosa	cells	which	are	critical	for	activating	peri-ovulatory	

COC	 gene	 expression	 necessary	 for	 COC	 expansion	 and	 ovulation	 (Russell	 and	 Robker	

2007;	Conti	et	al.	2006).	Other	work	also	suggests	that	leukocytes	within	the	theca	interna	

enhance	COC	expansion	through	release	of	IL-1B,	which	in	turn	activates	ERK	signaling	in	

COCs.	 Proper	 formation	 of	 the	 expanded	 cumulus	 matrix	 is	 critical	 for	 ovulation.	 Both	

success	 of	 follicle	 rupture	 and	 subsequent	 fertilization	 have	 been	 demonstrated	 to	 be	

impacted	by	perturbations	 in	 cumulus	matrix	 composition	 (Russell	 and	Robker	2007;	H.	

Sato	et	al.	2001;	Zhuo	et	al.	2001;	Varani	et	al.	2002;	Fulop	et	al.	2003;	Salustri	et	al.	2004).		

Ovulation	 is	orchestrated	by	a	series	of	 coordinated	bidirectional	signals	between	the	

oocyte	and	cumulus	granulosa	cells	and	remodeling	of	 the	 follicular	wall	 for	COC	release	

and	 subsequent	 corpus	 luteum	 formation	 (Russell	 and	 Robker	 2007).	 Layers	 of	 cells,	

extracellular	matrix,	and	the	follicle	basement	membrane	degrade	at	the	follicular	apex	via	

a	 combination	 of	 cell	 death	 and	 proteolysis	 (Russell	 and	 Robker	 2007).	 Several	 studies	

demonstrate	 that	 leukocytes	 infiltrate	 peri-ovulatory	 follicles	 and	 aid	 in	 follicular	 wall	

remodeling	 for	 follicle	 rupture	 through	 release	 of	 inflammatory	 cytokines	 and	 free	

radicals(Russell	 and	Robker	2007;	R.	Wu	et	 al.	 2004;	Bonello,	 Jasper,	 and	Norman	2004;	

Van	der	Hoek	et	al.	2000;	Brännström	and	Mayrhofer	1993;	Brännström	and	Enskog	2002;	

Minge	 et	 al.	 2006).	 Elevated	 reactive	 oxygen	 species	 (ROS)	 levels	 are	 also	 critical	 for	

ovulation.	 Administration	 of	 broad-spectrum	 antioxidants	 into	 the	 ovarian	 bursa	
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significantly	 reduced	 ovulation	 rate	 in	 gonadotropin	 stimulated	 mice(Shkolnik,	 Tadmor,	

and	Ben-Dor	 2011).	 Concurrent	with	 ovulation,	 the	 LH	 surge	 also	 induces	 completion	 of	

meiosis	 I	 with	 extrusion	 of	 the	 first	 polar	 body.	 These	 and	 other	 complex	 intercellular	

interactions	 coalesce	 to	 lead	 to	 follicle	 rupture	 by	which	 the	 oocyte	 and	 its	 surrounding	

cumulus	granulosa	cells	are	released	from	the	ovary	and	travel	to	the	oviduct	where	they	

await	fertilization	(Wassarman,	Jovine,	and	Litscher	2001).	

	

Understanding	Premature	Ovarian	Failure,	a	Major	Subtype	of	Infertility	

Ovarian	follicle	depletion	marks	the	onset	of	menopause,	which	occurs	at	age	50+/-	4	

years	(van	Noord	et	al.	1997).	However,	1%	of	all	women	worldwide,	including	1.5	million	

American	women	living	in	year	2016,	has	or	will	develop	premature	ovarian	failure	(POF)	

or	primary	ovarian	insufficiency	(POI),	defined	as	early	cessation	of	ovarian	function	before	

the	age	of	40	(Pal	and	Santoro	2002).	POF	is	diagnosed	by	the	onset	of	menopause	before	

the	age	of	40,	with	amenorrhea,	oligomenorrhea,	elevated	serum	levels	of	LH	and	FSH	into	

the	menopausal	range	(>40	IU/mL)(Pal	and	Santoro	2002),	and	decreased	serum	levels	of	

anti-Müllerian	 hormone	 (AMH)	 (van	 Rooij	 et	 al.	 2002;	 Laven	 et	 al.	 2004;	 Visser	 2003).	

Elevated	FSH	levels	are	caused	by	a	decline	in	ovarian	follicles,	specifically	granulosa	cells,	

that	result	in	insufficient	secretion	of	inhibins	and	ovarian	steroids	that	normally	suppress	

hypothalamic	secretion	of	FSH(Pal	and	Santoro	2002).	

The	socioeconomic	transition	of	women	to	the	workforce	over	the	past	6	decades	has	

influenced	more	women	 to	postpone	 childbearing,	 creating	 a	 greater	 clinical	 concern	 for	

POF	related	 infertility.	However,	 the	causative	mechanisms	underlying	POF	are	currently	

poorly	defined.	
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A	common	 feature	 in	patients	with	POF	 is	premature	depletion	of	primordial	 follicles	

(Nelson	 2009).	 Two	 predominant	 theories	 implicated	 in	 early	 primordial	 follicle	

exhaustion	 are	 accelerated	 activation	 of	 primordial	 follicles	 into	 the	 growing	 pool	 and	

increased	primordial	follicle	death	(atresia).		

	

Scientific	Study	in	Transgenic	Mice	with	Accelerated	Primordial	Follicle	Depletion	

Molecular	 mechanisms	 associated	 with	 primordial	 follicle	 activation	 have	 been	

implicated	 using	 transgenic	 mice.	 Several	 mouse	 models	 have	 been	 demonstrated	 to	

exhibit	 accelerated	 primordial	 follicle	 depletion.	 Phosphoinositide	 3-kinase	 (PI3K)	 is	 a	

major	 regulator	 of	 primordial	 follicle	 maintenance.	 Both	 hyperactivation	 and	

hypoactivation	of	PI3K/AKT	signaling	result	in	depletion	of	the	primordial	follicle	pool	(W.	

Zheng	 et	 al.	 2012).	Oocyte	 specific	 deletion	 of	 Phosphatase	 and	Tensin	Homolog	 (PTEN)	

results	in	premature	activation	of	the	primordial	follicle	pool	through	release	of	PI3K	from	

negative	regulation	by	PTEN	(Reddy	et	al.	2008).	KIT	signaling	is	suggested	to	activate	PI3K	

and	is	associated	with	primordial	follicle	activation	(Kim	2012;	Parrott	and	Skinner	1999).	

Conversely,	decreased	PI3K/AKT	signaling	 leads	to	primordial	 follicle	death	(W.	Zheng	et	

al.	 2012).	 Forkhead	 box	 L2	 (FOXL2)	 is	 also	 implicated	 in	 POF.	 TSC1	 suppression	 of	

mammalian	 Target	 of	 Rapamycin	 (mTOR)	 is	 suggested	 to	 prevent	 premature	 primordial	

follicle	activation	in	Tsc1	knockout	mice	(Adhikari	et	al.	2010).	These	studies	also	implicate	

mTOR	 as	 a	 positive	 regulator	 of	 primordial	 follicle	 activation	 (Adhikari	 and	 Liu	 2010;	

Adhikari	et	al.	2013).	Foxl2	null	mice	exhibit	precocious	primordial	 follicle	activation	and	

growth	and	primordial	follicle	pool	depletion	by	8	weeks	of	age.	This	finding	is	consistent	

with	 the	 high	 risk	 of	 POF	 observed	 in	women	with	mutations	 in	Foxl2(S.	 E.	 Harris	 et	 al.	
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2002).	Anti-Müllerian	Hormone	(AMH)	signaling	through	its	receptor	AMHR2	is	implicated	

in	 maintenance	 of	 the	 primordial	 follicle	 pool	 by	 restricting	 development	 of	 primordial	

follicles.	AMH	null	mice	show	a	significant	depletion	of	primordial	follicles	by	4	months	of	

age.	 Tumor	 suppressor	 genes	 Tuberous	 sclerosis	 1	 (Tsc1)	 and	 Cyclin-dependent	 kinase	

inhibitor	 1B	 (p27(Kip1))	 are	 suggested	 to	 be	 involved	 in	 primordial	 follicle	maintenance.	

Deletion	 of	 p27(Kip1),	 member	 of	 the	 Cip/Kip	 family	 of	 Cyclin-dependent	 kinase	 (Cdk)	

inhibitors	also	maintains	primordial	follicle	quiescence,	with	p27(Kip1)	null	mice	exhibiting	

premature	 ovarian	 failure	 in	 adulthood.	 TGF-β1	 also	 modulates	 primordial	 follicle	

activation	 and	 growth,	 with	 downregulation	 of	 TGF-β1	 resulting	 in	 elevated	 primordial	

follicle	 activation	 and	 elevated	 downstream	 PI3K	 signaling	 (p-rps6)	 (Z.-P.	 Wang	 et	 al.	

2014).	

	

Oxidative	 Stress	 as	 a	 Mechanism	 of	 Premature	 Ovarian	 Failure,	 an	 Understudied	

Frontier	

The	role	of	oxidative	stress	in	infertility	is	not	completely	understood	(Agarwal,	Gupta,	

and	Sharma	2005;	Agarwal	et	al.	2012).	Ovarian	oxidative	stress	and	decreased	antioxidant	

capacity	is	suggested	to	be	associated	with	normal	ovarian	aging	(J.	Lim	and	Luderer	2011;	

Ruder	 et	 al.	 2008).	 The	 progressive	 and	 irreversible	 accumulation	 of	 oxidative	 damage	

caused	by	shift	in	cellular	redox	state	is	hypothesized	to	lead	to	the	impaired	physiological	

function	associated	with	 increased	disease	with	aging	(Kregel	and	Zhang	2007).	Elevated	

ROS	has	also	been	suggested	to	trigger	several	signaling	cascades	implicated	in	granulosa	

cell	 apoptosis,	 granulosa	 cell	 proliferation	 and	 primordial	 follicle	 activation	 such	 as	

PI3K/Akt,	MAPK/JNK,	and	NF-κB	(Shen	et	al.	2012).	
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Deficiency	in	antioxidant	defenses	has	been	implicated	in	POF	and	reduced	fecundity	in	

mouse	models.	Glutathione	is	a	main	cellular	antioxidant	defense	against	oxidative	stress.	

Several	studies	published	by	our	laboratory	have	implicated	global	glutathione	deficiency	

as	a	mechanism	of	premature	ovarian	failure	in	studies	using	transgenic	mice	deficient	in	

glutamate	cysteine	ligase	modifier	subunit	(J.	Lim	et	al.	2015;	B.	N.	Nakamura	et	al.	2011).	In	

these	studies,	our	laboratory	has	shown	that	global	glutathione	deficiency	in	females	leads	

to	premature	depletion	of	 the	primordial	 follicle	pool	 (J.	Lim	et	al.	2015)	and	diminished	

developmental	progression	to	the	blastocyst	stage	(B.	N.	Nakamura	et	al.	2012).	The	impact	

of	 oxidative	 stress	 on	 infertility	 is	 understudied,	 and	 these	 intriguing	 results	 previously	

published	 by	 our	 laboratory	 highlight	 the	 need	 for	 additional	 investigation(Ruder	 et	 al.	

2008).	

	

Nicotinamide	 Adenine	 Dinucleotide	 Hydride	 (NADH):	 Function,	 Synthesis,	 Recycling	

and	Fluorescent	Measurement	

Nicotinamide	Adenine	Dinucleotide	 (NAD)	 and	 its	 reduced	 form	NADH	play	 a	 central	

role	in	bioenergetics	as	one	of	the	main	energy	currencies	in	the	cell.	NADH	is	ubiquitously	

synthesized	and	plays	critical	roles	as	an	enzymatic	cofactor	in	cellular	metabolic	reactions	

and	 as	 an	 antioxidant	 in	 redox	 reactions	 (Belenky,	 Bogan,	 and	 Brenner	 2007;	 Berger,	

Ramírez-Hernández,	 and	 Ziegler	 2004;	 Pollak,	 Dölle,	 and	 Ziegler	 2007;	 W.	 Ying	 2008;	

Kirsch	and	De	Groot	2001;	Olek	et	al.	2004).	The	NADH/NAD+	redox	couple	is	involved	in	

regulation	 of	 intracellular	 redox	 state	 and	 has	 significant	 impact	 on	 signal	 transduction,	

energy	production,	cell	survival,	proliferation,	longevity	and	aging	(Lin	and	Guarente	2003;	
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Heikal	2010;	Pollak,	Dölle,	and	Ziegler	2007).	The	NADH/NAD+	ratio	is	also	been	suggested	

to	modulate	the	transcription	of	genes	(Lin	and	Guarente	2003).	

De	 novo	 NAD	 synthesis	 occurs	 in	 a	 series	 of	 steps	 starting	 with	 conversion	 of	 L-

tryptophan	 to	 quinolinic	 acid	 (QA).	 QA	 is	 subsequently	 converted	 to	 nicotinic	 acid	

mononucleotide	(NAMN).	Nicotinamide	(NAM)	and	nicotinic	acid	(NA)	precursors	may	also	

be	 used	 to	 make	 NAMN	 through	 catalysis	 by	 nicotinic	 acid	 phosphoribosyltransferase	

(NAPRT).	 NAMN	 is	 subsequently	 adenylated	 by	 nicotinamide	 mononucleotide	

adenyltransferase	 (NMNAT)	 to	 form	NAD(Pollak,	Dölle,	 and	 Ziegler	 2007;	Kulikova	 et	 al.	

2015).	

NADH	is	naturally	fluorescent,	and	this	property	has	been	used	to	approximate	NADH	

levels	 in	 cells	 (Mayevsky	 and	 Chance	 2007).	 NADH	 fluorescence	 measurements	 have	

extensive	 applications	 in	 approximating	mitochondrial	 function	 (Mayevsky	 and	Rogatsky	

2007)	and	metabolism	in	living	cells	and	tissue	(Lakowicz	et	al.	1992;	Bird	et	al.	2005).	The	

application	of	phasors(Weber	1981;	Jameson,	Gratton,	and	Hall	1984;	Digman	et	al.	2008)	

to	fluorescence	lifetime	imaging	microscopy	(FLIM)	measurements	has	improved	previous	

methods	 and	 has	 been	 demonstrated	 as	 a	 powerful	 technique	 to	 spatially	 define	

approximate	 NADH/NAD+	 ratios	 in	 cells	 and	 tissue	 to	 approximate	 redox	 status	 and	

metabolism	(Stringari,	Edwards,	et	al.	2012;	Stringari	et	al.	2011;	Pate	et	al.	2014;	Wright	et	

al.	2012;	Datta	et	al.	2015;	Cinco	et	al.	2016).	

	

Glutathione:	Function,	Recycling	and	Synthesis	

Glutathione	is	a	key	cellular	antioxidant	found	in	all	mammalian	tissues.	Glutathione	is	a	

non-protein	 thiol	 tripeptide,	 γ-L-Glutamyl-L-Cysteinyl-Glycine.	 Glutathione	 exists	 in	 two	
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forms:	 reduced	 glutathione	 (GSH)	 and	 oxidized	 glutathione	 (GSSG).	 GSH	 is	 present	 at	 1-

10mM	 concentrations	 in	 cells	 (Shi	 et	 al.	 2000).	 The	majority	 of	 GSH	 (90%)	 exists	 in	 the	

cytosol,	while	10%	of	the	GSH	in	the	cell	is	localized	to	mitochondria,	and	less	than	1%	is	in	

the	 endoplasmic	 reticulum.	 GSH,	 together	 with	 associated	 glutathione	 peroxidases	 and	

glutathione-S-transferases,	play	an	especially	 critical	 role	 in	mitochondria	where	 it	 is	 the	

only	 antioxidant	 system	 present	 capable	 of	 neutralizing	 hydrogen	 peroxide.	 Catalase,	

another	 antioxidant	 that	 is	 capable	 of	 neutralizing	 hydrogen	 peroxide,	 is	 present	 in	

peroxisomes	in	the	cytoplasm,	but	is	not	present	in	the	mitochondria	(Fernández-Checa	et	

al.	1997).	Glutathione’s	ability	to	act	as	both	act	as	both	a	nucleophile	and	an	electrophile	

allows	GSH	to	neutralize	ROS	without	being	permanently	consumed.	Following	oxidation,	

GSSG	 is	 recycled	 back	 to	 GSH	 by	 GSSG	 reductase	 at	 the	 expense	 of	 one	 nicotinamide	

adenine	dinucleotide	phosphate	(NADPH)	forming	a	redox	cycle	(Lu	2009).		

GSH	synthesis	occurs	in	a	two-step	reaction.	The	first	step	is	the	rate	limiting	reaction	

catalyzed	 by	 the	 enzyme	 glutamate	 cysteine	 ligase	 (GCL).	 GCL	 is	 a	 heterodimer	 that	

consists	of	 two	subunits,	 the	 catalytic	 subunit	GCLC	and	 the	modifier	 subunit	GCLM.	The	

catalytic	 subunit	 is	 the	essential	 component	of	GCL,	which	catalyzes	 the	 formation	of	 the	

glutathione	 intermediate	 γ-glutamylcysteine.	 The	modifier	 subunit	GCLM	when	bound	 to	

GCLC,	acts	to	lower	the	Km	of	GCL	to	glutamate	and	ATP	which	are	required	for	γ-glutamyl	

cysteine	 synthesis,	 making	 the	 reaction	 more	 efficient.	 The	 second	 step	 of	 glutathione	

synthesis,	 catalyzed	 by	 GSH	 synthetase,	 completes	 the	 synthesis	 of	 the	 tripeptide	 by	

conjugating	glycine	to	γ-glutamyl	cysteine	at	the	expense	of	one	ATP	(Y.	Yang	et	al.	2002).	

GSH	participates	in	several	vital	cellular	functions.	GSH	serves	to	provide	a	reservoir	for	

cysteine	through	the	γ-glutamyl	cycle.	Cysteine	is	very	unstable	extracellularly	and	quickly	
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auto-oxidizes	 to	 cystine.	 In	 the	 γ-glutamyl	 cycle,	 GSH	 is	 exported	 from	 the	 cell	 by	 γ-

glutamyltransferase	(GGT).	GGT,	expressed	at	the	apical	surface	of	the	cell,	transfers	the	γ-

glutamyl	moiety	 of	 GSH	 to	 an	 amino	 acid,	 forming	 γ-glutamyl-amino	 acid	 and	 cysteinyl-

glycine,	which	are	stable	extracellularly	(Franco	and	Cidlowski	2009).	Cysteinyl-glycine	can	

be	 exported	 back	 into	 the	 cell	 and	 broken	 down	 to	 cysteine	 and	 glycine	 by	 dipeptidase	

(DP),	which	can	be	used	to	regenerate	GSH.	GSH	is	crucial	in	detoxifying	electrophiles	and	

scavenging	 free	 radicals.	 GSH	 together	 with	 thiol	 transferase	 also	 serves	 as	 critical	

regulator	of	protein	thiol	status,	which	can	impact	protein	folding,	structure,	and	functional	

activation.	 GSH	 can	 also	modulate	 protein	 activity	 at	 the	 posttranslational	 level	 through	

protein	 S-glutathionylation.	 GSH	 has	 also	 been	 shown	 to	 be	 important	 for	 modulating	

processes	such	as	S-phase	entry,	microtubule	processes,	and	nitric	oxide	homeostasis	(Lu	

2009).	

	

Glutathione	in	Apoptosis	and	Cell	death	

Numerous	studies	have	provided	evidence	of	GSH	depletion	as	a	causative	mechanism	

of	 apoptosis,	 however	 there	 is	 ongoing	 controversy	 as	 to	 whether	 these	 effects	 may	 be	

attributed	directly	or	indirectly	to	GSH.		

GSH	 has	 been	 implicated	 in	 influencing	 cell	 death	 by	 modulating	 the	 levels	 of	

mitochondrial	ROS.	Mitochondrial	GSH	depletion	has	been	suggested	to	 lead	to	 increased	

levels	of	ROS	and	reactive	nitrogen	species,	mitochondrial	dysfunction	and	ATP	depletion.	

Cellular	GSH	depletion	triggers	cytochrome	c	release,	and	inhibition	of	GSH	transport	 into	

mitochondria	has	been	reported	to	exacerbate	oxidant-induced	cytochrome	c	release.	GSH	
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has	 also	 been	 suggested	 to	 modulate	 oxidant-induced	 mitochondrial	 DNA	 damage	 and	

susceptibility	to	apoptosis	(Franco	and	Cidlowski	2009).	

Other	 studies	 have	 provided	 data	 supporting	 direct	 regulation	 of	 apoptosis	 by	 GSH	

concentration,	 independent	 of	 its	 role	 to	modulate	 oxidative	 stress.	 In	 vitro	 studies	 have	

shown	a	reduction	in	GSH	content	is	necessary	for	apoptosome	formation.	GSH	deletion	has	

also	been	 suggested	 to	 activate	 the	 intrinsic	 apoptotic	 pathway	 initiator	BAX	 through	 its	

oxidation	 dependent	 dimerization.	 In	 addition,	 posttranslational	modification	 of	 proteins	

through	glutathionylation	may	be	a	 critical	 regulator	of	 apoptosis	 (Franco	and	Cidlowski	

2009).	

Research	 by	 our	 laboratory	 has	 suggested	 GSH	 mediates	 a	 critical	 protective	

mechanism	 against	 endogenous	 ovarian	 and	 toxicant-induced	 oxidative	 stress.	 GSH	

depletion	increases	the	percentage	of	apoptotic	ovarian	follicles	in	female	rats	treated	with	

buthionine	sufoximine	 	(BSO),	a	competitive	 irreversible	 inhibitor	of	GCL	and	glutathione	

synthesis	 (Lopez	 and	 Luderer	 2004;	 Griffith	 1982).	 Other	 work	 has	 also	 suggested	 that	

upregulation	 of	 GSH	 synthesis,	 in	 part,	 mediates	 the	 antiapoptotic	 effect	 of	 Follicle	

Stimulating	 Hormone	 (FSH)	 in	 granulosa	 cells	 of	 gonadotropin	 dependent	 antral	 stage	

follicles	 (Tsai-Turton	 and	 Luderer	 2006).	 In	 addition,	 previous	 work	 has	 shown	 that	

induction	 of	 apoptosis	 by	 4-hydroperoxycyclophosphamide,	 a	 pre-activated	 form	 of	

cyclophosphamide,,	 in	cultured	COV434	granulosa	cells	is	preceded	by	GSH	depletion	and	

subsequent	 rise	 in	 ROS,	 is	 potentiated	 by	 pretreatment	 with	 BSO,	 and	 is	 prevented	 by	

antioxidant	 supplementation.	 Taken	 together,	 this	 work	 suggests	 that	 GSH	 depletion	

mediates	cyclophosphamide-induced	apoptosis	in	granulosa	cells	via	induction	of	oxidative	

stress	(Tsai-Turton	et	al.	2007).		
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Glutathione	in	Cellular	Proliferation/Differentiation	

Glutathione	is	implicated	in	cellular	proliferation	and	differentiation	both	indirectly	and	

directly	through	regulation	of	cellular	redox	state	and	glutathionylation	respectively.	

Cellular	 redox	 state	 is	 presumed	 to	 regulate	 cellular	 proliferation.	 Proliferating	

mammalian	cells	have	been	shown	to	exhibit	a	broad	spectrum	of	responses	 to	oxidative	

stress	 depending	 on	 the	 stress	 level	 encountered.	 Low	 levels	 of	 hydrogen	 peroxide	 (3	 -	

15μM),	below	the	threshold	required	to	induce	oxidative	stress,	have	been	shown	to	induce	

mitogenic	 responses	 to	 stimulate	 proliferation.	 Higher	 concentrations	 of	 hydrogen	

peroxide	(250	-	500	uM)	have	been	shown	to	induce	growth	arrest	in	fibroblasts,	and	even	

higher	concentrations	(0.5	-	1.0mM)	have	been	shown	to	induce	apoptosis	(Davies	1999).	

In	an	attempt	to	define	the	intrinsic	cellular	redox	environment	by	estimation	of	GSH/GSSG	

redox	state,	another	set	of	studies	revealed	a	cellular	proliferation	gradient	from	reduced	

to	more	oxidized	 cellular	 redox	environment	 in	proliferating	 cells	 though	differentiation,	

and	final	apoptosis.	Proliferating	cells	are	in	the	most	reduced	state	(Eh	between	-260mV	

to	-230mV),	differentiated/growth	arrested	cells	are	more	oxidized	(-220mV	to	-190mV),	

and	apoptotic	cells	are	the	most	oxidized	(up	to	-163mV),	where	Eh	is	the	Nernst	potential	

of	 the	 GSH/GSSG	 redox	 couple.	 In	 this	 model,	 the	 GSH/GSSG	 is	 believed	 to	 behave	 as	 a	

switch	moving	the	cell	from	proliferation	through	differentiation	towards	programmed	cell	

death	if	the	redox	environment	cannot	be	maintained,	or	necrosis	when	the	oxidative	insult	

is	too	severe	(Markovic	et	al.	2011).	

Several	 reports	 show	 low	 molecular	 weight	 thiols	 such	 as	 glutathione	 are	 directly	

associated	with	the	regulation	of	cell	growth	(J.	W.	Harris	and	Patt	1969;	Atzori	et	al.	1990).	

Reduced	thiols	such	as	cysteine	and	GSH	are	required	for	T	cell	proliferation.	In	addition,	
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human	 lung	 and	 ovarian	 tumor	 cells	 exhibit	 higher	 levels	 of	 GSH	 in	 exponential	 growth	

compared	 to	 the	 non-dividing	 state.	 Protein	 glutathionylation	 is	 implied	 to	 play	 an	

important	role	in	cell	proliferation,	through	regulation	of	key	proliferative	pathways.	DNA	

binding	capacity	of	AP1,	NF-κB,	p53	and	SP1	is	dependent	on	the	redox	status	of	cysteinyl	

thiols	 present	within	 their	 protein	 structure.	 Also,	 DNA	 binding	 capacity	 of	 NF-κB	 to	 its	

inhibitory	factor	IKK	and	c-jun	is	modulated	by	glutathionylation.	GSH	has	also	been	shown	

to	 play	 an	 important	 role	 in	 promoting	 DNA	 synthesis.	 Depletion	 of	 glutathione	 in	

mammary	 carcinoma	 cells	 and	 human	 T	 lymphocytes	 results	 has	 been	 shown	 to	 inhibit	

DNA	synthesis	(Malinouski	et	al.	2011).	

.	

Furthering	our	understanding	of	redox	state	and	ovarian	function	

Antioxidant	defenses	have	been	demonstrated	to	be	important	for	proper	maintenance	

of	 fertility	 (J.	 Lim	 et	 al.	 2015;	 B.	 N.	 Nakamura	 et	 al.	 2011;	 Agarwal,	 Gupta,	 and	 Sharma	

2005)	 and	 redox	 state	 is	 suggested	 to	 modulate	 multiple	 stages	 of	 ovarian	 follicular	

maturation	 and	 subsequent	 fertility	 (Ruder	 et	 al.	 2008;	 Tsai-Turton	 and	 Luderer	 2005;	

Luderer	 et	 al.	 2001;	Ou	 et	 al.	 2012;	 Tsai-Turton	 and	 Luderer	 2006;	 Agarwal,	 Gupta,	 and	

Sharma	2005;	P.	Guérin,	Mouatassim,	and	Ménézo	2001).		

While	redox	state	and	oxygen	availability	are	implicated	to	modulate	multiple	stages	of	

folliculogenesis,	 previous	 studies	 have	 not	 characterized	 the	 geography	 of	 redox	 state	

within	whole	intact	follicles	or	whole	ovary.	Moreover,	the	impact	of	follicle	metabolism	on	

redox	state	is	remains	largely	uncharacterized.	

We	hypothesize	redox	state	is	dynamic	during	ovarian	folliculogenesis	and	may	in	part	

be	controlled	by	metabolism.	Furthermore,	we	hypothesize	 the	antioxidant	glutathione	 is	
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essential	for	maintenance	of	fertility,	where	deficiency	in	glutathione	may	result	in	reduced	

fertility.	 To	 address	 these	 hypotheses,	 we	 spatially	 characterized	 the	 redox	 state	 of	

primordial	 through	 pre-ovulatory	 follicles	 in	 whole	 intact	 neonatal	 and	 gonadotropin	

stimulated	pre-pubertal	ovary	using	the	phasor	approach	to	fluorescence	lifetime	imaging	

microscopy.	Furthermore,	we	examined	the	effects	of	glutathione	deficiency	in	Amhr2-Cre	

and	 Zp3-Cre	 Gclc	 conditional	 knockout	 mice	 on	 fertility	 and	 follicle	 counts.	 Finally	 we	

attempted	 to	 characterize	 the	 impact	 of	 oxidative	 stress	 on	 primordial	 follicles	 from	

glutathione	deficient	Gclm	-/+	and	Gclm	-/-	mice,	however,	lack	of	statistical	power	prevent	

us	from	making	meaningful	interpretations.	

Our	results	demonstrate	redox	state	is	spatially	dynamic	over	the	course	of	primordial	

through	 pre-ovulatory	 folliculogenesis	 that	 is	 in	 part	 controlled	 by	 metabolism.	

Furthermore,	we	demonstrate	conditional	deletion	of	GCLC	in	Amhr2-Cre	expressing	cells	

results	 in	 decreased	 fecundity	 that	 cannot	 be	 rescued	 by	 physiological	 compensatory	

mechanisms.	 	
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Chapter	2:	 Spatial	Characterization	of	Bioenergetics	and	Metabolism	of	

Primordial	to	Pre-ovulatory	Follicles	in	Whole	Ex	Vivo	Murine	Ovary	

	

This	work	was	originally	published	in	Cinco	et	al.,	Biol	Reprod	2016	(Cinco	et	al.	2016).	

	

ABSTRACT	

Previous	work	 characterizing	ovarian	bioenergetics	has	defined	 follicular	metabolism	

by	measuring	metabolic	byproducts	in	culture	media.	However,	culture	conditions	perturb	

the	native	state	of	the	follicle,	and	these	methods	do	not	distinguish	between	metabolism	

occurring	within	oocytes	or	granulosa	cells.	We	applied	the	phasor	approach	to	fluorescent	

lifetime	imaging	microscopy	(Phasor	FLIM)	at	740	nm	2-photon	excitation	to	examine	the	

spatial	distribution	of	free	and	protein-bound	Nicotinamide	Adenine	Dinucleotide	hydride	

(NADH)	during	primordial	through	pre-ovulatory	stages	of	follicular	development	in	fresh	

ex	 vivo	murine	 neonatal	 and	 gonadotropin	 stimulated	 pre-pubertal	 ovaries.	We	 obtained	

subcellular	 resolution	 Phasor	 FLIM	 images	 of	 primordial	 through	 primary	 follicles	 and	

quantified	 the	 free/bound	 NADH	 ratio	 (relative	 NADH/NAD+)	 separately	 for	 oocyte	

nucleus	 and	 oocyte	 cytoplasm.	 We	 found	 that	 dynamic	 changes	 in	 oocyte	 nucleus	

free/bound	 NADH	 paralleled	 the	 developmental	 maturation	 of	 primordial	 to	 primary	

follicles.	 Immunohistochemistry	 of	 NAD+	 dependent	 deacetylase	 SIRTUIN	 1	 (SIRT1)	 in	

neonatal	 ovary	 revealed	 that	 increasing	 SIRT1	 expression	 in	 oocyte	nuclei	was	 inversely	

related	 to	 decreasing	 free/bound	 NADH	 during	 the	 primordial	 to	 primary	 follicle	

transition.	 We	 characterized	 oocyte	 metabolism	 at	 these	 early	 stages	 to	 be	 NADH	

producing	 (glycolysis/Krebs).	 We	 extended	 the	 results	 of	 prior	 studies	 to	 show	 that	
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cumulus	and	mural	granulosa	cell	metabolism	in	secondary	through	pre-ovulatory	follicles	

is	 mainly	 NADH	 producing	 (glycolysis/Krebs	 cycle),	 while	 oocyte	 metabolism	 is	 mainly	

NADH	 consuming	 (oxidative	 phosphorylation).	 Taken	 together,	 our	 data	 characterize	

dynamic	 changes	 in	 free/bound	 NADH	 and	 SIRT1	 expression	 during	 early	 follicular	

development	and	confirm	results	from	previous	studies	defining	antral	and	pre-ovulatory	

follicle	metabolism	in	culture.		

	

INTRODUCTION	

The	ovarian	 follicle	consists	of	a	 single	oocyte	encapsulated	within	somatic	granulosa	

cells.	The	ovarian	follicular	reserve	is	maintained	as	a	pool	of	quiescent	primordial	follicles.	

Over	 time,	 small	 cohorts	 of	 quiescent	 primordial	 follicles	 become	 activated	 into	 the	

growing	 pool	 and	 mature	 through	 transitional,	 primary,	 secondary,	 antral,	 and	 pre-

ovulatory	stages	of	development.	The	transition	rate	of	quiescent	primordial	 follicles	 into	

activated	 transitional	 follicles	 is	 a	 critical	 process	 in	 determining	 the	 rate	 at	 which	 the	

ovarian	 reserve	 and	 fertile	 lifespan	 are	 exhausted.	 Early	 exhaustion	 of	 the	 primordial	

follicle	 pool	 from	primordial	 follicle	 hyperactivation	 causes	 premature	 ovarian	 failure	 in	

several	mouse	models	(Z.-P.	Wang	et	al.	2014).	However,	 the	molecular	mechanisms	that	

underlie	the	balance	between	follicular	quiescence	and	activation	during	this	critical	period	

are	not	fully	defined.		

Follicular	 bioenergetics	 are	 critical	 determinants	 of	 oocyte	 quality	 and	 ovarian	 aging	

(Tilly	 and	 Sinclair	 2013).	 Most	 studies	 of	 ovarian	 bioenergetics	 have	 defined	 follicular	

metabolism	by	measuring	glucose,	 lactate,	and	pyruvate	concentrations	 in	culture	media.	

These	 studies	 have	 concluded	 that	whole	 follicles	 follow	 a	metabolic	 trajectory	 towards	
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increased	 glycolysis	 as	 they	 progress	 from	 secondary	 to	 pre-ovulatory	 stages	 (Sugiura,	

Pendola,	and	Eppig	2005;	S.	E.	Harris	et	al.	2007;	Collado-Fernandez,	Picton,	and	Dumollard	

2012;	 Makanji	 et	 al.	 2014).	 However,	 culture	 conditions	 perturb	 redox	 status,	 signaling	

pathways,	and	epigenetics	(Halliwell	2003;	Lee	et	al.	2013;	Dunning	et	al.	2007;	Fernández-

Gonzalez	et	al.	2004).	Moreover,	the	majority	of	follicular	bioenergetics	studies	focused	on	

secondary	 through	 later	 stage	 follicles	 (Sugiura,	 Pendola,	 and	 Eppig	 2005;	 Leese	 and	

Lenton	1990;	Boland	et	al.	1993;	Boland,	Humpherson,	Leese,	and	Gosden	1994b),	with	few	

studies	 examining	 bioenergetics	 in	 primordial	 or	 transitional	 follicles	 (S.	 E.	 Harris	 et	 al.	

2009).	These	forms	of	analysis	are	also	incapable	of	defining	metabolism	in	single	cells	or	

in	sub-follicular	compartments	within	the	intact	ovary.		

Nicotinamide	Adenine	Dinucleotide	 (NAD)	 and	 its	 reduced	 form	NADH	play	 a	 central	

role	in	bioenergetics	as	a	main	energy	co-factor	in	the	cell.	NADH	is	ubiquitous	in	cells	and	

plays	critical	roles	as	an	enzymatic	cofactor	and	reducing	equivalent	in	cellular	metabolic	

and	redox	reactions.	The	NADH/NAD+	ratio	has	significant	 impact	on	energy	production,	

cell	survival,	proliferation,	longevity	and	aging	(Lin	and	Guarente	2003;	Heikal	2010).		

NADH	 is	 naturally	 auto-fluorescent,	 and	 previous	 studies	 have	 established	 that	

fluorescence	measurements	 of	 free	 and	 bound	 forms	 of	NADH	 can	 be	 utilized	 to	 deduce	

cellular	 metabolism	 (Stringari,	 Edwards,	 et	 al.	 2012;	 Mayevsky	 and	 Rogatsky	 2007;	

Mayevsky	 and	 Chance	 2007;	 Bird	 et	 al.	 2005;	 Kasischke	 et	 al.	 2004).	 Glycolysis	 and	 the	

Krebs	 cycle	 are	 major	 NADH-	 producing	 pathways,	 and	 oxidative	 phosphorylation	 is	 a	

major	NADH-consuming	pathway.	During	glycolysis/Krebs	cycle	metabolism,	high	levels	of	

NADH	are	produced	and	maintained.	However,	during	oxidative	phosphorylation,	NADH	is	

consumed,	 lowering	 the	 levels	of	available	NADH.	Decreased	availability	of	NADH	 lowers	
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substrate	 concentrations	 and	 correspondingly	 shifts	 enzyme	 kinetics	 towards	 increased	

bound	NADH	 (Michaelis	 et	 al.	 2011).	 Based	 on	 this	 principle,	 the	 free/bound	NADH	 has	

been	used	to	infer	the	ratio	of	NADH	producing	glycolysis/β-oxidation/Krebs	metabolism	

to	NADH	consuming	oxidative	phosphorylation	(Stringari,	Edwards,	et	al.	2012;	Mayevsky	

and	Rogatsky	2007;	Mayevsky	 and	Chance	2007;	Bird	 et	 al.	 2005;	Kasischke	 et	 al.	 2004;	

Lakowicz	et	al.	1992).		

SIRT1	 is	 a	 key	 NAD+	 dependent	 deacetylase,	 which	 is	 regulated	 by	 nuclear	 levels	 of	

NADH	 (Revollo,	 Grimm,	 and	 Imai	 2004;	 Lin	 et	 al.	 2004;	 Braidy	 et	 al.	 2011).	 SIRT1	

expression	has	been	reported	in	rat	and	mouse	ovaries	(Coussens	et	al.	2008;	X.-M.	Zhang	

et	al.	2013).	SIRT1	deacetylates	the	transcription	factor	FOXO3a	(Motta	et	al.	2004),	which	

is	an	important		regulator	of	primordial	follicle	activation	(John	et	al.	2008;	Castrillon	et	al.	

2003).	SIRT1	also	deacetylates	PGC-1α,	which	is	involved	in	mitochondrial	biogenesis	and	

glucose/fatty	 acid	metabolism	 (Nemoto,	 Fergusson,	 and	 Finkel	 2005;	 J.	 T.	 Rodgers	 et	 al.	

2005).	However,	SIRT1	expression	during	the	early	stages	of	follicle	development	has	not	

been	defined.		

The	development	of	the	phasor	approach	to	fluorescence	lifetime	imaging	microscopy	

(Phasor	 FLIM)	 provides	 a	 straightforward	 approach	 to	 interpretation	 of	 lifetime	

differences	 at	 the	 pixel	 level	 (Digman	 et	 al.	 2008).	 Phasor	 FLIM	 using	 740	 nm	 2-photon	

excitation	has	been	extensively	used	to	characterize	the	spatial	distribution	of	the	free-	to-

bound	NADH	ratio	in	living	cells	and	tissues	(Stringari,	Edwards,	et	al.	2012;	Stringari	et	al.	

2011;	Datta	et	al.	2015;	Wright	et	al.	2012;	Pate	et	al.	2014).	The	fluorescence	 lifetime	of	

free	 NADH	 is	 0.4	 ns	 while	 the	 average	 fluorescence	 lifetime	 of	 bound	 NADH	 is	

approximately	3.4	ns	(Stringari,	Edwards,	et	al.	2012;	Datta	et	al.	2015;	Scott	et	al.	1970).	
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This	 large	 difference	 is	 easily	 recognized	 in	 the	 phasor	 plot	 (Stringari	 et	 al.	 2011).	 The	

Phasor	 FLIM	 analysis	 of	 an	 image	 provides	 a	 quantitative	 measure	 of	 the	 ratio	 of	

free/bound	 NADH,	 which	 mimics	 the	 ratio	 of	 intracellular	 NADH/NAD+	 (Stringari,	

Edwards,	et	al.	2012;	Bird	et	al.	2005;	Lakowicz	et	al.	1992),	with	the	added	advantage	of	

visualizing	and	quantifying	the	spatial	distribution	of	 free	and	bound	NADH	pixels	within	

an	image	and	within	regions	of	interest.		

Quiescent	 and	 newly	 activated	 small	 follicles	 constitute	 the	 majority	 of	 follicles	 in	 a	

fertile	 ovary;	 however,	 the	 bioenergetics	 of	 ovarian	 follicles	 at	 these	 stages	 are	 poorly	

characterized.	In	the	present	study,	we	used	Phasor	FLIM	to	quantify	the	free/bound	NADH	

ratio	separately	for	oocyte	and	granulosa	cell	sub-compartments	within	individual	follicles	

inside	whole	ovarian	tissue	at	primordial	through	pre-ovulatory	stages	of	folliculogenesis.	

Furthermore,	we	assessed	follicle	free/bound	NADH	changes	in	response	to	glycolysis	and	

oxidative	phosphorylation	inhibitors	to	clarify	contributions	of	each	metabolic	pathway	to	

overall	NADH	production.		

	

MATERIALS	AND	METHODS	

Animals		

Male	 and	 female	 C57BL/6J	 (bred	 in	 our	 colony	 from	 mice	 originally	 obtained	 from	

Jackson	Laboratories)	were	mated	to	generate	postnatal	day	(PND)	4-10	or	PND	23	female	

offspring	for	analyses.	Heterozygous	TgOG2	strain	mice	expressing	GFP	under	a	modified	

germline	 specific	 Oct-4	 promoter	 (Szabó	 et	 al.	 2002)	 were	 bred	 by	 crossing	 male	

homozygous	breeders	obtained	from	the	Jackson	Laboratories	with	C57BL/6J	female	mice.	

Mice	were	housed	in	an	American	Association	for	the	Accreditation	of	Laboratory	Animal	
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Care-accredited	 facility	 and	 maintained	 on	 a	 14:10	 hour	 light/dark	 schedule	 with	 free	

access	 to	 soy-free	 rodent	 chow	 (Harlan	Teklad	2019)	 and	deionized	water.	Temperature	

was	maintained	 at	 21-23°C.	 Female	mice	 were	 sacrificed	 on	 PND	 4-6	 or	 PND	 25-26	 for	

phasor	analysis,	and	PND	7-10	for	immunohistochemistry.	Neonatal	mice	were	euthanized	

by	 decapitation	 followed	 by	 incision	 of	 the	 diaphragm.	 Older	 mice	 were	 euthanized	 by	

cervical	 dislocation	 immediately	 followed	 by	 incision	 of	 the	 diaphragm.	 Ovaries	 were	

dissected	and	bursa	removed	in	Hanks	Balanced	Salt	Solution	(HBSS)	supplemented	with	

calcium	 and	 magnesium	 at	 37°C	 (Invitrogen	 14025-	 092).	 All	 animal	 procedures	 were	

performed	with	adherence	 to	NIH	OLAW	and	were	approved	by	 the	 Institutional	Animal	

Care	and	Use	Committee	at	UC	Irvine.		

Genotyping	 of	 GFP	 expressing	 TgOG2	 mice	 was	 performed	 on	 DNA	 extracted	 by	

HOTSHOT	DNA	extraction	(Truett	et	al.	2000)	using	tail	snips	that	were	incubated	with	50	

mM	NaOH		at	98°C	for	1	hour,	then	quenched	with	1	M	Tris-HCl.	PCR	was	then	carried	out	

using	 primers	 designed	 for	 detection	 of	 an	 X-linked	 GFP	 transgene	 with	 the	 following	

primer	 sequence:	 X-GFP-F:	 5’-	 ATCTTCTTCAAGGACGACGGCAAC	 -3’,	 X-GFP-R:	 5’-	

TCCTCGATGTTGTGGCGGATCTTG	-3’.		

	

Sample	Preparation		

Ovaries	were	dissected	and	 submerged	between	 two	glass	 cover	 slips	 separated	by	2	

mm	 spacers	 in	 500μL	 1%	 low	melt	 agarose	 (SeaPlaque,	 Lonza)	 in	 Hanks	 Balanced	 Salt	

Solution	(HBSS;	 Invitrogen	14025-092)	heated	to	37°C.	The	stock	HBSS	and	1%	low	melt	

agarose	 was	 equilibrated	 with	 air	 and	 was	 therefore	 oxygenated,	 providing	 an	 oxygen	

source	for	the	ovary	during	the	duration	of	imaging.	We	compared	signal	intensity,	lifetime	
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and	quality	of	images	taken	at	the	beginning	versus	the	end	of	an	imaging	session	from	the	

same	ovary	and	observed	no	changes	over	a	1.5	h	period.		

	

Stimulation	 of	 Prepubertal	 Females	 to	 Promote	 Antral	 and	 Pre-ovulatory	 Follicle	

Growth		

PND	 23	 females	 were	 intraperitoneally	 injected	 with	 5IU	 equine	 chorionic	

gonadotropin	 (eCG;	 National	 Hormone	 and	 Peptide	 Program,	 Los	 Angeles	 Biomedical	

Research	Institute,	Torrance,	CA)	at	14:00h.	Some	females	were	euthanized	48	h	post	eCG	

and	whole	ovaries	were	imaged	for	secondary,	antral,	or	pre-ovulatory	stage	follicles	(these	

are	designated	eCG	follicles	in	figures).	Other	females	were	intraperitoneally	injected	46	h	

after	eCG	with	5IU	human	chorionic	gonadotropin	(hCG;	Sigma	CG10)	and	euthanized	7-9	h	

later	 for	 imaging	 of	 secondary,	 antral,	 and	 pre-ovulatory	 follicles	 (these	 are	 designated	

eCG+hCG	follicles).		

Imaging	PND	4-9	ovaries	were	embedded	between	two	cover	glasses	separated	by	0.2	

mm	thick	spacers	in	1%	low	melt	agarose	in	HBSS	heated	to	37°C	and	immediately	imaged	

by	FLIM	using	the	DIVER	microscope	at	the	Laboratory	for	Fluorescence	Dynamics	at	the	

University	of	California	Irvine.	The	DIVER	is	an	Olympus	upright	microscope	coupled	to	a	

two	 photon	 excitation	 Spectra-Physics	MaiTai	HP/	 Insight	DS+,	 DeepSee	 laser,	 and	 large	

area	 PMT	 detector	 (Crosignani	 et	 al.	 2012;	 Crosignani,	 Dvornikov,	 and	 Gratton	 2011)	

operating	 in	 non-descanned	 mode	 using	 FlimBox	 devices	 and	 controlled	 by	 SimFCS	

software	 developed	 at	 the	 Laboratory	 for	 Fluorescence	 Dynamics	 (Gratton	 2016).	

Detection	of	 follicles	 in	whole	ovary	was	performed	using	 the	 intensity	 imprint	apparent	

from	live	acquisition	of	autofluorescent	NADH	excited	at	740	nm	using	a	63x	1.25	NA	oil	
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Zeiss	objective	lens	and	paired	with	a	Kopp	Blue	#5543	filter	(Greyglass)	that	blocks	light	

outside	of	~350–510	nm.	Approximately	≤	4	mW	laser	power	was	applied	to	the	sample,	

determined	 through	 power	 meter	 measurements	 after	 the	 objective	 lens.	 The	 live	

acquisition	of	NADH	autofluorescence	at	740	nm	2-photon	yields	a	clear	intensity	imprint	

that	 allows	 for	 morphometric	 identification	 of	 follicles	 in	 the	 field	 of	 view,	 which	 we	

utilized	for	follicle	staging	and	identification.	GFP	labeled	oocytes	from	whole	PND4	TgOG2	

ovary	were	visualized	using	880	nm	2-photon	excitation	paired	with	a	500-nm	long	pass	

filter	that	restricts	wavelengths	below	500	nm	(Edmund	Optics	#66-050).	FLIM	calibration	

was	performed	using	the	known	fluorescence	lifetime	of	Rhodamine	110	exhibiting	a	single	

exponential	 decay	 of	 approximately	 4	 ns	 (Wilkerson,	 Goodwin,	 and	 Ambrose	 1993).	 All	

FLIM	 imaging	 acquisition	 was	 limited	 to	 1.5	 hours	 after	 animal	 sacrifice.	 FLIM	 images	

uniformly	consisted	of	a	size	of	256	x	256	pixels,	scanned	at	a	speed	of	32	μsec/pixel.	10	

frames	per	field	of	view	were	acquired	for	GFP	fluorescence,	whereas	50	frames	per	field	of	

view	were	recorded	for	NADH	fluorescence.	We	verified	that	the	direct	excitation	of	GFP	in	

the	 tissue	 at	 740nm	 (used	 for	 NADH	 excitation)	 was	 minimal.	 To	 further	 increase	 the	

separation	between	the	two	fluorescent	species,	the	Kopp	Blue	filter	selected	for	only	the	

emission	of	NADH.		

PND	23	ovaries	were	embedded	between	two	cover	glasses	separated	by	spacers	and	

imaged	using	40x	0.8	NA	water	 immersion	Olympus	objective	 lens	paired	with	 the	 same	

microscope	and	filters	as	above.		
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Morphometric	Staging	Rubric		

Primordial	follicles	were	defined	as	having	exclusively	flat	granulosa	cells,	transitional	

follicles	 as	having	 a	 combination	of	 flat	 and	 cuboidal	 granulosa	 cells,	 primary	 follicles	 as	

having	10	or	more	exclusively	cuboidal	granulosa	cells	in	a	single	cross-	section,	secondary	

follicles	as	having	more	than	one	layer	of	granulosa	cells,	and	antral	follicles	as	having	an	

antral	cavity	(Lopez	and	Luderer	2004;	Pedersen	and	Peters	1968).	Morphometric	analysis	

took	account	of	both	intensity	and	FLIM	images	for	accuracy.		

	

FLIM	Analysis	and	Quantification	of	the	Average	Phasors	per	Region	of	Interest		

All	FLIM	analysis	was	performed	using	Globals	for	Images	software	(SimFCS)	(Gratton	

2016),	based	on	previously	established	methods	(Stringari,	Edwards,	et	al.	2012;	Stringari	

et	 al.	 2011;	 Wright	 et	 al.	 2012;	 Pate	 et	 al.	 2014).	 Visual	 interpretation	 of	 the	 spatial	

enrichment	 of	 free	 and	 bound	 forms	 of	 NADH	 within	 the	 phasor	 FLIM	 images	 was	

facilitated	 by	 the	 color	 bar	 code	 depicted	 in	 the	 740	nm	phasor	 FLIM	histogram	 (Figure	

1A,B)	where	red	pixels	in	the	phasor	FLIM	image	represent	regions	of	more	free	NADH	and	

light	blue	to	yellow	pixels	represent	more	bound	NADH	based	on	cursor	placement	within	

the	 phasor	 FLIM	 2D	 histogram	 in	 the	 SimFCS	 software	 (Figure	 1C,	 lower	 histogram).	

Control	and	treatment	group	images	were	subjected	to	identical	cursor	placement,	where	

cursor	placement	was	defined	to	cover	the	2D	histogram	distribution	spread	of	all	control	

images	(cursor	placement	example	is	shown	in	Figure	1B).	Color	changes	in	the	treatment	

group	represent	changes	relative	to	all	control	images	for	every	experiment.		

Quantification	of	the	average	NADH	phasor	per	region	of	interest	was	calculated	using	

the	 built-in	masking	 feature	 in	 SimFCS.	 This	masking	 feature	 averages	 the	 lifetime	 of	 all	
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pixels	 included	within	 a	 designated	 region	 of	 interest.	 Image	 segmentation	was	 done	 by	

using	 freeform	 shapes	manually	 drawn	 around	 the	 following	 regions	 of	 interest:	 oocyte	

nuclei	 and	 oocyte	 cytoplasm	 across	 multiple	 follicles	 of	 different	 developmental	 stages	

based	on	morphometric	analysis	of	both	 intensity	and	FLIM	painting	 images	 for	accurate	

boundary	placement.	For	 imaging	of	 secondary	and	antral	 follicles	 in	PND	25-26	ovaries,	

we	masked	1)	the	oocyte	cytoplasm	(image	cross-	sections	containing	the	oocyte	nucleus	

were	 rare,	 and	 therefore	oocyte	nuclei	were	not	 analyzed),	2)	 the	 ring	of	 granulosa	 cells	

directly	 surrounding	 the	 oocyte	 as	 cumulus	 granulosa	 cells	 and	 3)	 the	 outer	 frame	 of	

granulosa	 cells	 that	 border	 the	 follicular	 diameter	 inside	 the	 enclosure	 of	 bright	

intensity/high	 bound	 NADH	 theca	 cells	 as	 mural	 granulosa	 cells.	 Minimal	 histogram	

thresholding	 to	 remove	 low	 intensity	 pixels	 was	 applied	 to	 improve	 visualization	 in	

reference	follicle	images	used	only	to	clarify	follicle	structures.	Quantitation	of	the	average	

NADH	 phasor	 lifetime	 within	 each	 mask	 was	 calculated	 from	 unaltered,	 unthresholded	

FLIM	 data	 and	 output	 in	 terms	 of	 G	 and	 S	 values,	 where	 G=m�cos(Φ)	 and	

S=m�sin(Φ)(Stringari	 et	 al.	 2011).	 Transformation	 of	 G	 and	 S	 into	 free/bound	 ratio	 of	

NADH	was	accomplished	by	transforming	average	phasor	G	and	S	coordinates	to	lifetime,	τ	

(Stringari	et	al.	2011),	followed	by	calculation	of	the	distance	of	average	τ	to	the	τ	of	free	

NADH	(τ	=	0.4	ns)	divided	by	the	distance	of	the	average	τ	to	the	τ	of	bound	NADH	(τ	=	3.4	

ns)	on	the	universal	circle.		

	

Glycolysis	and	Oxidative	Phosphorylation	Inhibition	Experiments		

For	 glycolysis	 inhibition,	 PND	 4-5	 ovaries	 were	 cultured	 on	 floating	 membranes	 in	

DMEM/F12	media	without	pyruvate	(Gibco	Life	Technologies	#ME16043L1).	Ovaries	were	
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treated	with	or	without	25	mM	or	50	mM	2-deoxyglucose	(2-DG,	Sigma-Aldrich	#D8375)	

for	15	hours	prior	 to	 imaging	 to	 inhibit	conversion	of	glucose	 to	glucose-6-	phosphate	 in	

tissue	 (Supplemental	 Figure	 S1).	 We	 chose	 these	 concentrations	 based	 on	 desired	

competition	(1.5x	or	3x)	with	the	concentration	of	glucose	(17	mM)	in	DMEM/F12	media.	

Additional	 ovaries	 were	 cultured	 with	 or	 without	 100	 mM	 sodium	 dichloroacetate	 (Na	

DCA),	a	pyruvate	mimetic	(Kankotia	and	Stacpoole	2014),	(Sigma-Aldrich	#347795)	for	6	

or	 15	 hours	 prior	 to	 imaging	 (Supplemental	 Figure	 S1).	 For	 oxidative	 phosphorylation	

inhibition	(Supplemental	Figure	S1),	PND	4-5	ovaries	were	cultured	on	floating	membranes	

in	DMEM/F12	media	(Gibco	Life	Technologies	#11320033)	overnight	prior	to	addition	of	a	

small	 volume	 of	 1	 M	 potassium	 cyanide	 (KCN)	 (Sigma-Aldrich	 #60178)	 stock	 solution	

dissolved	in	media.	Final	concentration	of	KCN	applied	to	treated	ovaries	was	1	mM	(van	

Waveren	et	al.	2006;	Devin,	Guérin,	and	Rigoulet	1997)	or	4	mM	KCN	(Stringari,	Edwards,	

et	al.	2012;	Pate	et	al.	2014)	for	a	span	of	1	hour	prior	to	imaging.	The	same	1	M	KCN	stock	

solution	was	added	to	HeLa	cell	controls	for	a	final	concentration	of	1	mM	KCN	incubated	

for	10	minutes	prior	to	imaging.		

	

Immunohistochemistry		

Bouin’s	 fluid	 (Electron	Microscopy	 Sciences,	Hatfield,	 PA	#15990)	 fixed	 ovaries	were	

cryosectioned	at	8	μm.	Sections	were	subjected	 to	20	minute	antigen	 retrieval	 in	10	mM	

sodium	 citrate,	 15	 minute	 avidin/biotin	 block	 (Vector	 Laboratories	 SP-2001)	 and	 1h	

blocking	in	5%	goat	serum	prior	to	staining	with	a	1:2000	dilution	of	rabbit	polyclonal	anti-

SIRT1(Sir2)	antibody	(Millipore	#07-131)	overnight.	Slides	were	then	washed	3	times	with	

PBST	and	incubated	with	Vectastain	ABC	(Vector	Laboratories	PK-4001)	prior	to	5	minute	
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incubation	 with	 3,3’-diaminobenzidine	 (DAB)	 substrate	 in	 peroxide	 buffer	 (Roche)	 and	

counterstaining	 with	 hematoxylin.	 Positive	 control	 brain	 tissue	 demonstrated	

immunostaining	 in	 previously	 defined	 SIRT1	 positive	 brain	 regions,	 such	 as	 the	

hippocampus	 (Michan	 et	 al.	 2010).	Negative	 controls	with	 nonimmune	 IgG	 replacing	 the	

primary	 antibody	 or	 with	 primary	 antibody	 without	 secondary	 antibody	 showed	 no	

staining.		

Statistical	Analysis		

Data	 were	 analyzed	 using	 Generalized	 Estimating	 Equations	 (GEE),	 a	 form	 of	

generalized	 linear	 model,	 to	 adjust	 for	 multiple	 follicles	 being	 evaluated	 from	 the	 same	

animal.	 In	 these	 analyses,	 animal	 was	 included	 as	 a	 subject	 variable.	 The	 working	

correlation	matrix	 structure	was	 set	 as	 unstructured	 unless	 the	 unstructured	matrix	 did	

not	converge	in	which	case	an	exchangeable	structure	was	used.	Estimated	marginal	means	

and	 standard	 errors	 from	 the	 GEE	 models	 are	 reported	 in	 the	 graphs.	 Analyses	 were	

performed	using	SPSS	Version	23	for	Macintosh	(IBM	Corporation).		

	

RESULTS	

Subcellular	 Resolution	 of	 Follicular	 Morphology	 in	 740	 nm	 2-Photon	 Excitation	

Intensity	Images		

The	spatial	distribution	of	NADH	excited	at	740	nm	outlined	follicle	regions	of	interest	

in	the	NADH	intensity	images,	enabling	us	to	delineate	oocyte	nuclei,	oocyte	cytoplasm,	and	

granulosa	 cell	 nuclei	 (Figures	1A	 and	2A).	 To	 verify	 that	 visualized	 follicle	 outlines	 from	

acquired	NADH	intensity	 images	were	genuine	 follicles,	we	 imaged	PND	4-5	ovaries	with	

oocyte-specific	 GFP	 expression	 under	 control	 of	 a	modified	 Oct4	 promoter	 (Szabó	 et	 al.	
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2002).	GFP	oocytes	overlapped	with	 structures	 identified	 as	oocytes	of	 follicles	 in	NADH	

intensity	imprints,	authenticating	these	structures	as	genuine	follicles	(Figure	1A).	

Discernable	 follicle	 outlines	 from	 the	 NADH	 intensity	 images	 facilitated	 the	

identification	of	granulosa	cell	morphology.	This	allowed	us	to	categorize	follicles	using	a	

classic	 morphometric	 staging	 rubric.	 Figure	 1A	 depicts	 neighboring	 primordial	 follicles	

distinguished	by	exclusively	flat	granulosa	cells.	

	

Oocyte	Nuclei	of	Primordial	Follicles	Have	Higher	Free	to	Bound	NADH	Ratios	than	

Primary	Follicles		

To	 observe	 the	 dynamic	 changes	 in	 free/bound	 NADH	 during	 early	 stages	 of	

folliculogenesis,	we	imaged	whole	live	PND	4-9	ovaries,	which	are	enriched	for	primordial	

to	 primary	 follicle	 stages.	 Comparison	 of	 primordial,	 transitional,	 and	 primary	 follicle	

Figure	 1.	 	 Apparent	 oocytes	 in	 740	 nm	 2-photon	 excitation	 intensity	 images	 colocalize	 with	 oocyte-
specific	 GFP	 fluorescence.	 A)	 Intensity	 (left)	 and	 FLIM	 images	 (right)	 of	 TGOG2	 mouse	 ovaries	 with	
germline	 specific	 GFP	 expression;	 880	 nm	 2-photon	 excitation	 specific	 for	 GFP	 and	 740	 nm	 2-photon	
excitation	 specific	 for	 NADH.	 58	 μm	 field	 of	 view.	 B)	 Phasor	 FLIM	 lifetime	 pixel	 distribution	 of	
corresponding	images	represented	in	2D	histograms.	Color	bar	on	the	740nm	NADH	phasor	2D	histogram	
represents	 the	 color	 code	 of	 free-to-bound	 NADH	 in	 the	 FLIM	 image.	 C)	 Intensity	 histogram	 of	 image	
pixels	 for	GFP	at	880	nm	2-photon	excitation	(upper)	and	NADH	at	740	nm	2-photon	excitation	(lower),	
where	X-axis	is	intensity	and	Y-axis	is	pixels.	A	low	level	threshold	(red	vertical	line	on	left	of	histogram)	
was	 applied	 to	 880nm	GFP	 images	 to	 eliminate	 background,	 and	 no	 threshold	 was	 applied	 to	 740	 nm	
NADH	images	(Cinco	et	al.	2016).	
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Figure	 2.	 Spatial	 NADH	 intensity	 and	 lifetime	 dynamics	 over	 the	 course	 of	 early	 stages	 of	
folliculogenesis.	 A)	 740	 nm	 2-photon	 excitation	 intensity	 images	 and	 lifetime	 FLIM	 images	 of	
primordial	follicles,	transitional	follicles,	and	primary	follicles	imaged	within	PND	4-7	neonatal	ovary.	
Minimal	threshold	applied	to	FLIM	map	reference	images	to	highlight	only	follicle	structures.	Field	of	
view	from	left	to	right:	60	μm,	30	μm,	38	μm,	38	μm,	46	μm,	60	μm,	and	90	μm.	B)	Depiction	of	oocyte	
nucleus	mask	applied	to	unaltered/unthresholded	images	to	quantify	average	free/bound	NADH	pixels	
per	 oocyte	 nucleus	 and	 resulting	 quantitation	 of	 mean	 ±	 SEM	 free/bound	 NADH	 for	 primordial,	
transitional,	 and	 primary	 follicle	 nuclei	 (P	 <	 0.001,	 effect	 of	 follicle	 type	 by	 GEE;	 *P	 <	 0.05	 versus	
primordial)	 transformed	from	C.	C)	Average	free/bound	NADH	pixels	per	oocyte	nucleus	plotted	as	g	
vs.	 s	 along	 the	 free-to-bound	 NADH	 axis;	 N=22	 follicles	 across	 9	 animals.	 D)	 Depiction	 of	 oocyte	
cytoplasm	mask	applied	to	quantify	average	free/bound	NADH	and	resulting	mean	±	SEM	free/bound	
NADH	pixels	for	primordial,	transitional,	and	primary	follicle	cytoplasm	(P=0.020,	effect	of	follicle	type	
by	 GEE;	 †	 P<0.05	 versus	 primary)	 transformed	 from	 E.	 E)	 Average	 free/bound	 NADH	 per	 oocyte	
cytoplasm	 plotted	 as	 g	 vs.	 s	 along	 the	 free-to-bound	 NADH	 axis;	 N	 =	 22	 follicles	 across	 7	 animals.	
(Cinco	et	al.	2016)	
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Figure	3.	Inhibition	of	NADH-producing	glycolysis	and	Krebs	cycle	by	2-deoxyglucose	(2-DG)	and	
sodium	dichloroacetate	(Na	DCA)	and	inhibition	of	NADH-consuming	oxidative	phosphorylation	by	
potassium	 cyanide	 (KCN).	 Inhibition	 of	 glycolysis	 with	 2-DG	 inhibits	 formation	 of	 glucose-6-
phosphate	and	NADH	produced	directly	from	the	evolution	of	glucose.	Other	intermediates,	which	
enter	 the	 glycolysis	 pathway	 between	 glucose-6-phosphate	 and	 before	 formation	 of	 1,3	
bisphosphoglycerate	are	not	 inhibited.	 Inhibition	of	 glycolysis	with	Na	DCA,	 a	pyruvate	mimetic,	
will	 compete	with	 cellular	pyruvate	 import	 into	mitochondria	and	is	previously	 characterized	 to	
inhibit	pyruvate	dehydrogenase	kinase	to	reduce	glycolysis	substrate	pool	availability.	Acetyl-coA	
derived	from	non-pyruvate	sources,	such	as	β-oxidation,	will	continue	to	produce	NADH.	Inhibition	
of	 oxidative	 phosphorylation	 using	 KCN	 will	 inhibit	 cytochrome	 C,	 disrupting	 the	 electron	
transport	chain	and	NADH	consumption	by	NADH	dehydrogenase.		
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images	 collected	 from	 whole	 neonatal	 ovaries	 revealed	 obvious	 changes	 in	 spatial	

dynamics	of	NADH	intensity	and	free/bound	NADH	ratio	(Figure	2A).	Visual	examination	of	

intensity	 images	 revealed	 two	populations	 of	 primordial	 follicles,	 those	with	 even	NADH	

intensity	 throughout	 the	 cytoplasm	 and	 nucleus	 (Figure	 2A,	 upper	 row,	 middle	 image	

primordial	 follicles)	and	 those	with	 low	NADH	intensity	 in	 the	nucleus	(Figure	2A,	upper	

row,	 right	 image	 primordial	 follicles).	 NADH	 intensity	 was	 also	 low	 in	 transitional	 and	

primary	oocyte	nuclei	(Figure	2A,	upper	row).	Examination	of	FLIM	images	(Figure	2	lower	

row)	revealed	 increased	bound	NADH	(blue	pixels)	 in	oocyte	nuclei	during	primordial	 to	

primary	follicle	progression.		

The	 free-to-bound	FLIM	 image	of	 the	oocyte	cytoplasm	at	all	 stages	appears	enriched	

for	 red	 pixels	 (high	 free/bound	 ratio,	 more	 free	 NADH),	 suggesting	 that	 metabolism	 at	

these	 stages	has	 strong	contributions	 from	NADH	producing	pathways	 such	as	glycolysis	

and	Krebs	cycle	(Figure	2A).	To	quantify	the	developmental	changes	in	free/bound	NADH	

across	follicle	stages,	we	masked	individual	regions	of	interest	corresponding	to	the	oocyte	

nucleus	and	oocyte	cytoplasm.	We	displayed	this	information	in	the	form	of	g	versus	s	plots	

(Figures	2C,E)	and	transformed	average	free/bound	NADH	bar	graphs	that	were	used	for	

statistical	 analysis	 (Figures	 2B,D;	 refer	 to	 Methods).	 Comparisons	 among	 primordial,	

transitional,	 and	 primary	 follicle	 stages	 revealed	 significant	 changes	 in	 oocyte	 nuclear	

free/bound	 NADH	 (Figure	 2A,B).	 Primordial	 follicle	 oocyte	 nuclei	 showed	 significantly	

higher	ratios	of	 free/bound	NADH	compared	to	transitional	and	primary	follicles	(N	=	22	

follicles	across	9	animals,	 effect	of	 follicle	 type,	P	<	0.001;	Figure	2B).	Differences	among	

oocyte	 cytoplasmic	 free/bound	NADH	 ratios	 varied	 less	 across	 follicle	 stages;	 primordial	

follicles	had	the	highest	ratio,	but	intergroup	comparisons	were	statistically	significant	only	



44	
	

for	primordial	compared	 to	 transitional	 follicles	 (P	=	0.020,	effect	of	 follicle	stage;	Figure	

2D).		

Glycolysis	Inhibition	with	2-DG	and	Na	DCA	Decreases	Free/Bound	NADH		

Because	 glycolysis	 and	 the	 Krebs	 cycle	 are	 NADH	 producing	 and	 oxidative	

phosphorylation	 is	 NADH	 consuming,	 the	 free/bound	 NADH	 ratio	 may	 be	 utilized	 to	

interpret	metabolism	 in	cells.	To	examine	 the	contribution	of	NADH	producing	metabolic	

pathways	in	oocytes	of	early	stage	follicles,	we	cultured	PND	4-5	ovaries	with	25	mM	or	50	

mM	2-DG	 for	 15	 h.	 2-DG	 is	 a	 competitive	 inhibitor	 of	 hexokinase,	 the	metabolic	 enzyme	

involved	in	conversion	of	glucose	to	glucose-6-phosphate	(Figure	3).	Glucose-6-phosphate	

is	required	for	production	of	pyruvate,	which	is	important	for	the	Krebs	cycle.	Nuclei	and	

cytoplasm	of	oocytes	 in	ovaries	 cultured	with	2-DG	exhibited	pronounced	 shifts	 towards	

more	bound	NADH	compared	 to	15h	control	cultures	 (Figure	4A,B),	 indicating	 that	 these	

follicles	 rely	 on	 glucose	 for	 NADH	 production	 and	 are	 using	 glycolysis	 for	 metabolism.	

Moreover,	observed	changes	in	free/bound	NADH	in	response	to	2-DG	serve	as	a	positive	

control	for	phasor	FLIM	quantitation	of	changes	in	free/bound	NADH.		

To	specifically	test	oocyte	dependency	on	pyruvate,	we	cultured	PND	4-5	ovaries	with	

100mM	Na	DCA,	a	pyruvate	mimetic	(Figure	3),	for	6	and	15	h.	Oocytes	in	ovaries	cultured	

with	Na	DCA	 exhibited	 pronounced	 nuclear	 and	 cytoplasmic	 shifts	 towards	more	 bound	

NADH	in	FLIM	images	at	both	the	6	and	15	h	time	points	compared	to	ovaries	cultured	in	

control	media	(Figure	4C,D).	Moreover,	at	15	h,	the	observed	NADH	intensity	decreased	to	

the	extent	that	it	became	difficult	to	identify	follicle	structures	using	identical	laser	power	

(Figure	4C).		

	



45	
	

Inhibition	 of	 Oxidative	 Phosphorylation	 in	 Neonatal	 Ovaries	 Does	 Not	 Increase	 Free	

NADH		

To	 assess	 the	 contribution	 of	 the	 NADH	 consuming	 oxidative	 phosphorylation	 in	 early	

stage	follicles,	we	treated	PND	4-5	ovaries	with	1	mM	or	4	mM	KCN.	KCN	is	an	inhibitor	of	

oxidative	phosphorylation	that	binds	directly	to	cytochrome	c	oxidase	.	If	cells	are	utilizing	

oxidative	phosphorylation,	KCN	treatment	should	increase	levels	of	free	NADH		(Figure	3).	

As	 expected,	 positive	 control	 HeLa	 cells	 treated	 with	 KCN	 for	 10	 minutes	 showed	 the	

expected	 increase	 in	 free/bound	NADH	 (Figure	5A).	However,	 treatment	of	PND	day	4-5	

neonatal	ovaries	with	1	mM	or	4	mM	KCN	for	one	hour	in	culture	resulted	in	significantly	

decreased,	 rather	 than	 increased,	 free/bound	 NADH	 in	 both	 nuclei	 and	 cytoplasm	 of	

oocytes	 (Figure	5B,C),	 consistent	with	minimal	contribution	of	oxidative	phosphorylation	

to	follicular	metabolism	at	these	stages.		

	

Changes	in	SIRT1	Protein	Expression	Are	Inversely	Related	to	Nuclear	NADH		

To	further	understand	the	increases	in	bound	NADH	we	observed	in	oocyte	nuclei	over	

the	 course	 of	 primordial	 to	 transitional/primary	 stages	 of	 folliculogenesis,	we	 examined	

the	 expression	 of	 a	 prominent	 NAD+	 dependent	 deacetylase,	 SIRT1.	 Immunostaining	 of	

PND	7-9	ovaries	with	anti-SIRT1	revealed	that	a	subset	of	primordial	follicles,	which	were	

localized	 in	 the	 ovarian	 medulla,	 had	 immunopositive	 nuclei	 (Figure	 6A,C),	 whereas	

primordial	 follicles	 immunonegative	for	SIRT1	were	 localized	 in	the	cortex	(Figure	6A,B).	

In	 contrast,	 all	 transitional	 and	 primary	 staged	 follicles	were	 immunopositive	 for	 SIRT1,	

with	 noticeably	 stronger	 SIRT1	 immunoreactivity	 in	 nuclei	 of	 primary	 oocytes	 (Figure	

6A,D,E).	 This	 increasing	 SIRT1	 oocyte	 nuclear	 immunoreactivity	 is	 inverse	 to	 the	
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Figure	4.	Effects	of	2-deoxyglucose	 (2-DG)	and	 sodium	dichloroacetate	 (Na	DCA)	 treatment	of	PND	4-5	
neonatal	ovaries	in	culture.	To	examine	the	contribution	of	NADH	producing	metabolic	pathways	in	early	
stage	 follicles,	 we	 cultured	 PND	 4-5	 ovaries	 with	 25	 mM	 or	 50	 mM	 2-DG	 for	 15	 hours.	 2-DG	 is	 a	
competitive	inhibitor	of	hexokinase,	the	metabolic	enzyme	involved	in	conversion	of	glucose	to	glucose-6-
phosphate.	Glucose-6-phosphate	 is	 the	 first	 intermediate	 in	glycolysis	 and	 is	 required	 for	production	of	
pyruvate,	which	is	important	for	the	Krebs	cycle.	To	specifically	test	oocyte	dependency	on	pyruvate,	we	
cultured	 PND	 4-5	 ovaries	 with	 100mM	 Na	 DCA,	 a	 pyruvate	 mimetic.	 (A)	 Images	 of	 PND	 4-5	 ovaries	
cultured	with	25	mM	or	50	mM	2-DG	or	 control	medium	 alone	 for	15	hours.	117	μm	 field	of	 view.	 (B)	
Mean	±	SEM	free/bound	NADH	in	oocyte	cytoplasm	(P	<	0.001,	effect	of	treatment,	graph	on	 left)	and	in	
oocyte	nuclei	(P	<	0.001,	effect	of	 treatment,	graph	on	right)	of	ovaries	cultured	with	and	without	2-DG.	
Control,	N	=	79	follicles	across	4	animals;	25mM	2-DG,	N	=	49	follicles	across	3	animals;	50mM	2-DG,	N	=	
54	follicles	across	3	animals.	(C)	 Images	of	PND	4-5	ovaries	cultured	with	control	medium	alone	or	100	
mM	Na	DCA	for	6	or	15	h.	117	μm	field	of	view.	(D)	Mean	±	SEM	free/bound	NADH	in	oocyte	cytoplasm	(P	
<	0.001,	effect	of	treatment,	graph	on	left).	and	in	oocyte	nuclei	(P	=	0.002,	effect	of	treatment,	graph	on	
right)	of	ovaries	cultured	with	Na	DCA.	Control,	N	=	62	follicles	across	4	animals;	100mM	Na	DCA	6h,	N	=	
46	follicles	across	3	animals;	100mM	Na	DCA	15	h,	N	=	23	follicles	across	3	animals.	*significantly	different	
from	0	mM	control;	†significantly	different	from	100mM	Na	DCA	6h.	
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Figure	5.	Effects	of	inhibitor	of	oxidative	phosphorylation	in	cultured	PND	4-5	neonatal	ovaries	and	HeLa	
cells.	 (A)	 Intensity	 and	 FLIM	 lifetime	 images	 of	 HeLa	 cells	 before	 treatment	 (control)	 and	 after	 10-20	
minutes	 treatment	 with	 1	 mM	 KCN	 in	 media,	 213	 μm	 field	 of	 view;	 Mean	 ±	 SEM	 free/bound	 NADH	
quantified	for	whole	HeLa	cells	before	(control)	and	after	KCN	treatment	(P=0.001,	effect	of	treatment);	
corresponding	graph	average	cell	phasor	quantified	for	each	individual	HeLa	cell	plotted	in	G	vs.	S.	(B,C)	
PND	4-5	neonatal	ovaries	were	cultured	overnight	and	subsequently	treated	with	control	media	alone,	1	
mM	KCN,	or	4	mM	KCN	for	one	hour	prior	to	imaging.	(B)	Intensity	and	FLIM	lifetime	images	of	control	
and	KCN	treated	ovaries.	Field	of	view	from	left	to	right:	117	μm,	47	μm,	58	μm,	117	μm,	29	μm,	52	μm,	
and	 52	 μm.	 (C)	Mean	 ±	 SEM	 free/bound	 NADH	measured	 in	 the	 oocyte	 cytoplasm	 (P<0.001,	 effect	 of	
treatment)	 or	 nucleus;	 corresponding	 graph	 of	 individual	 follicle	 average	 phasor	 for	 each	 oocyte	
cytoplasm	or	oocyte	nuclei	plotted	in	G	vs.	S.	N	=	49	follicles	across	3	animals	for	control,	N	=	72	follicles	
across	3	animals	for	1	mM	KCN,	N	=	33	follicles	across	3	animals	for	4	mM	KCN.	*	significantly	different	
from	0	mM	control;	†significantly	different	from	1mM	KCN.	
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decreasing	 NADH	 intensity	 and	 free/bound	 NADH	 ratios	 observed	 during	 the	 transition	

from	primordial	to	primary	follicles	(Figure	2).		

	

Changes	 in	 Free/Bound	 NADH	 during	 Gonadotropin	 Dependent	 Stages	 of	

Folliculogenesis		

To	characterize	changes	in	free/bound	NADH	during	later	stages	of	folliculogenesis,	we	

used	 whole	 intact	 ovaries	 from	 pre-pubertal	 gonadotropin	 stimulated	 female	 mice	

enriched	for	late	secondary,	antral,	and	pre-ovulatory	follicles	(Figures	7	and	8).	Separate	

 
Figure	6.	SIRT1	immunostaining	over	the	course	of	early	stages	of	 folliculogenesis	 in	PND	7-9	neonatal	
ovary.	 A)	 20x	magnification	 image	 of	 PND	 7	 neonatal	 ovary	 anti-	 SIRT1	 immunostaining.	 B)	 Images	 of	
primordial	 follicles	 with	 oocyte	 nuclei	 immunonegative	 for	 SIRT1.	 C)	 Images	 of	 primordial	 follicles	
immunopositive	 for	 SIRT1.	 D)	 Images	 of	 transitional	 follicles	 with	 oocyte	 nuclei	 immunopositive	 for	
SIRT1.	E)	Images	of	primary	follicles	with	oocyte	nuclei	strongly	immunopositive	for	SIRT1.	F)	Proposed	
model	 for	 SIRT1	activity	 and	 oocyte	nucleus	NADH	 intensity	 depletion	 during	 the	 course	 of	primordial	
follicle	 awakening.	 Cells	 are	 colored	 to	 indicate	 free/bound	 NADH	 ratio	 according	 to	 the	 color	 code	 in	
Figure	1C.	
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masking	of	oocyte,	cumulus,	and	mural	granulosa	cell	compartments	allowed	us	to	quantify	

free/bound	 NADH	 ratios	 for	 each	 compartment	 in	 antral	 through	 pre-ovulatory	 staged	

follicles.	We	masked	granulosa	cells	from	secondary	follicles	as	a	single	compartment.		

All	 phasor	 FLIM	 images	 of	 PND	 23	 gonadotropin-stimulated	 secondary	 through	 pre-

ovulatory	 oocytes	 are	 displayed	 with	 primarily	 light	 blue	 pixels	 representative	 of	 more	

bound	NADH	(Figure	7).	Quantitation	of	free/bound	NADH	in	follicle	compartments	across	

follicle	 stages	 allowed	 us	 to	 draw	 multiple	 comparisons.	 We	 found	 secondary	 follicle	

oocytes	 and	 granulosa	 cells	 48	 h	 post	 eCG	 had	 significantly	 lower	 free/bound	 NADH	 in	

granulosa	cells	and	oocytes	compared	to	secondary	follicles	7-9	h	post	hCG	(Figure	8A	and	

8D).	 We	 also	 observed	 that	 secondary	 follicle	 granulosa	 cells	 48	 h	 post	 eCG	 have	

significantly	lower	free/bound	NADH	ratios	than	antral	and	pre-ovulatory	follicle	cumulus	

granulosa	cells	48	h	post	eCG	(Figure	8A).	Pre-ovulatory	follicle	mural	granulosa	cells	7-9	h	

post	hCG	displayed	significantly	lower	free/bound	NADH	than	secondary	follicle	granulosa	

Figure	 7.	 Spatial	 NADH	 intensity	 and	 lifetime	 dynamics	 over	 the	 course	 of	 secondary	 through	 pre-
ovulatory	 stages	 of	 folliculogenesis.	 Phasor	 FLIM	 images	 of	 secondary	 (green	 closed	 arrows),	 antral	
(yellow	closed	arrows),	and	pre-ovulatory	(yellow	open	arrows)	follicles	imaged	within	ovaries	dissected	
from	 females	 after	 eCG	 or	eCG	plus	 hCG	 stimulation	 starting	 on	 PND	 23,	 as	 described	 in	Materials	 and	
Methods.	 925	 μm	 field	 of	 view	 for	 all	 images.	 Minimal	 thresholding	 of	 low	 intensity	 pixels	 applied	 to	
clarify	follicle	structures	and	remove	background	pixels	in	follicle	antrum.		
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Figure	8. Free/bound	NADH	in	oocytes	and	granulosa	cell	subpopulations	over	the	course	of	secondary	
through	pre-ovulatory	stages	of	folliculogenesis.	Measurements	were	made	48h	post	eCG	or	7-9h	post	hCG	
administration.	 A)	Mean	 ±	 SEM	 free/bound	 NADH	 pixels	 for	 PND	 23	 secondary	 granulosa	 cells,	 antral	
cumulus	 granulosa	 cells,	 and	 pre-ovulatory	 cumulus	 granulosa	 (P<0.001,	 effect	 of	 group;	 *P<0.05	 for	
indicated	 intergroup	 comparisons).	 B)	 Mean	 ±	 SEM	 free/bound	 NADH	 pixels	 for	 PND	 23 secondary	
granulosa	cells,	antral	mural	granulosa	cells,	and	pre-ovulatory	mural	granulosa	(P<0.001,	effect	of	group;	
*P<0.05	for	indicated	intergroup	comparisons).	C)	Mean	±	SEM	free/bound	NADH	in	mural	compared	to	
cumulus	granulosa	cells	 for	antral	and	pre-ovulatory	follicles	(P<0.001,	effects	of	GC	type,	 follicle	group,	
and	GC	 type	 x	 follicle	 group	 interaction;	 *P<0.05	 compared	 to	 cumulus	 at	 same	stage).	 D)	Mean	 ±	SEM	
free/bound	NADH	 for	PND	23	 secondary,	 antral,	 and	 pre-ovulatory	 follicle	oocytes	 transformed	 from	E	
(P<0.05,	effect	of	group;	*P<0.05	for	indicated	intergroup	comparisons).	E)	Average	phasor	for	individual	
secondary,	antral	and	pre-ovulatory	follicle	oocytes	plotted	in	g	vs.	s.	N	=	57	follicles	across	9	animals.	F)	
Model	of	free/bound	NADH	dynamics	during	primordial	to	pre-ovulatory	folliculogenesis	in	the	context	of	
the	ovarian	developmental	niche.	Cells	are	colored	according	to	the	color	code	in	Figure	1C,	with	declining	
free/bound	NADH	from	red	to	fuchsia	to	purple	to	blue	to	green.	See	text	for	details 
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cells	7-9	h	post	hCG	(Figure	8B).	Pre-ovulatory	follicle	mural	granulosa	cells	7-9	h	post	hCG	

had	 significantly	 higher	 free/bound	 NADH	 compared	 with	 pre-ovulatory	 follicle	 mural	

granulosa	 cells	 48	 h	 post	 eCG.	 (Figure	 5B).	 Pre-ovulatory	 oocytes	 7-9	 h	 post	 hCG	 had	

significantly	 higher	 free/bound	 NADH	 compared	 with	 secondary	 and	 antral	 oocytes	 48	

hours	post	eCG	(Figure	8D,E).		

We	 also	 compared	 free/bound	 NADH	 in	 cumulus	 versus	 mural	 granulosa	 cell	

subpopulations	in	antral	and	pre-ovulatory	follicles.	Mural	granulosa	cells	had	significantly	

lower	free/bound	NADH	compared	to	cumulus	granulosa	cells	(P<0.001,	effect	of	granulosa	

cell	type;	Figure	8C).	However,	the	difference	between	mural	granulosa	cells	and	cumulus	

cells	was	greater	in	antral	follicles	and	pre-ovulatory	follicles	imaged	48	h	post	eCG	than	in	

pre-ovulatory	follicles	 imaged	7-9h	post	hCG	(P<0.001,	 interaction	between	follicle	group	

and	granulosa	cell	type;	Figure	8C).		

 
Figure	9. Comparison	of	free-to-bound	NADH	ratio	in	the	oocytes	of	follicles	of	different	developmental	
stages	 in	prepubertal	 gonadotropin-stimulated	ovaries	 and	neonatal	ovaries.	Oocyte	 free/bound	NADH	
ratio	 data	 from	 Figures	 2	 and	 5	 are	 organized	 according	 to	 the	 type	 of	 follicle	 and	 condition	 of	 the	
measurement	 (neonatal	 ovary	 for	 primordial,	 transitional	 and	 primary	 follicles	 and	 eCG	 or	 eCG+hCG	
stimulated	prepubertal	ovaries	 for	 secondary,	 antral,	 and	pre-ovulatory	 follicles).	 Free	 to	bound	NADH	
ratio	(A)	and	position	of	the	average	of	the	data	(B)	in	the	phasor	plot 
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Although	 the	 measurements	 were	 not	 made	 in	 the	 same	 ovaries	 and	 the	 ages	 and	

gonadotropin	 treatment	 of	 the	 mice	 from	 which	 ovaries	 were	 collected	 differed,	 it	 is	

interesting	 to	 note	 that	 oocytes	 from	 secondary,	 antral,	 and	 pre-ovulatory	 follicles	 in	

prepubertal	 gonadotropin-stimulated	 ovaries	 (Figures	 8,9)	 had	 lower	 free/bound	 NADH	

ratios	compared	to	primordial	through	primary	oocytes	in	neonatal	ovaries	(Figures	2,9).		

	
DISCUSSION	

We	 applied	 Phasor	 FLIM	with	 deep	 tissue	 imaging	 to	 discern	 the	 free/bound	 NADH	

ratio	of	primordial	through	pre-ovulatory	follicles	maintained	within	the	native	biological	

niche	 of	 freshly	 dissected	 ex	 vivo	 ovary.	 This	 technology	 also	 enabled	 us	 to	 observe	

free/bound	NADH	dynamics	occurring	within	individual	follicle	sub-compartments	without	

disrupting	 normal	 cellular	 contacts	 or	 structural	 integrity	 of	 the	 follicle	 during	

measurement.	 This	 is	 the	 first	 study	 to	 quantify	 the	 free/bound	 NADH	 ratio	 of	 follicles	

within	 intact	ovary	and	also	the	 first	study	to	quantify	 this	ratio	separately	 for	granulosa	

cells,	 oocyte	 nucleus	 and	 oocyte	 cytoplasm	 of	 individual	 follicles.	 Previous	 work	 has	

suggested	 the	 free/bound	 NADH	 ratio	 mimics	 the	 ratio	 of	 intracellular	 NADH/NAD+	

(Stringari,	Edwards,	 et	 al.	2012;	Bird	et	al.	2005;	Lakowicz	et	al.	1992).	Accordingly,	 this	

study	 approximates	 the	 changes	 in	 NADH/NAD+	 that	 occur	 in	 multiple	 follicular	

compartments	during	the	course	of	folliculogenesis.	

	

Primordial	Through	Primary	Follicle	Metabolism		

Previous	studies	using	Phasor	FLIM	have	established	that	the	cytoplasmic	free/bound	

NADH	 ratio	 may	 be	 utilized	 to	 infer	 metabolism	 when	 paired	 with	 the	 appropriate	

glycolysis	 and	 oxidative	 phosphorylation	 inhibition	 controls	 for	 interpretation	 (Stringari,	
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Edwards,	et	al.	2012;	Pate	et	al.	2014;	Stringari,	Nourse,	et	al.	2012).	Previous	work	has	also	

linked	 changes	 in	 metabolism	 measured	 by	 oxygen	 consumption	 rate/extracellular	

acidification	 rate	 (OCR/ECAR)	 with	 changes	 in	 Phasor	 FLIM	 (Stringari,	 Edwards,	 et	 al.	

2012;	Pate	et	al.	2014).	Responses	 to	glycolysis	and	oxidative	phosphorylation	 inhibitors	

observed	 in	 the	 present	 study	 in	 both	 HeLa	 cells	 and	 ovarian	 tissue	 serve	 as	 further	

validation	of	Phasor	FLIM	as	 a	 reliable	means	of	quantifying	 the	 free/bound	NADH	ratio	

and	allow	us	to	infer	interpretations	about	follicle	metabolism	(Figures	4	and	5).	All	regions	

of	interest	quantified	from	fresh	tissue	mapped	within	the	linear	combination	of	pure	free	

and	 bound	 NADH	 lifetimes	 on	 the	 phasor	 plot,	 further	 validating	 the	 specificity	 of	 our	

measurements	(Figure	10).		

Our	 data	 show	 that	 primordial	 through	 primary	 staged	 oocytes	 undergo	 a	 primarily	

NADH	 producing	 metabolism	 with	 glycolysis	 and	 Krebs	 cycle	 pathways	 likely	 the	 main	

contributors.	These	interpretations	are	based	on	high	oocyte	cytoplasm	free/bound	NADH	

Figure	10	All	follicle	measurements	quantified	from	freshly	dissected	ex	vivo	ovaries	lie	within	the	free	to	
bound	 NADH	 trajectory	 defined	 in	 Stringari	 et	 al	 (Stringari	 et	 al,	 2012).	 Depiction	 of	 each	 follicle	
measurement	 quantified	 from	 listed	 follicles	 or	 follicle	 subcompartments	 in	 freshly	 dissected	 ex	 vivo	
ovaries	(Figures	1	and	5)	plotted	in	the	universal	circle	with	respect	to	linear	combination	of	the	free	and	
enzyme-	 bound	 NADH	 trajectory.	 All	 points	 fall	 within	 the	 pure	 free	 NADH	 and	 enzyme-bound	 NADH	
trajectory	on	the	universal	circle	phasor	plot.	Pure	free	and	average	enzyme-	bound	NADH	lifetimes	were	
previously	measured	 in	solution	and	produce	a	 single	 exponential	 lifetimes	corresponding	to	 τ	=	0.4	ns	
and	τ	=	3.4ns	for	free	and	bound	NADH	respectively	
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ratios	measured	 in	 fresh	 tissue,	as	well	as	decreases	 in	 free/bound	NADH	 in	response	 to	

the	glycolysis	 inhibitors	2-DG	and	Na	DCA	 in	cultured	ovaries.	We	also	visually	observed	

that	the	cytoplasm	of	primordial	through	primary	staged	oocytes,	as	well	as	the	granulosa	

and	 interstitial	 cells,	 are	 largely	 colored	with	 red	 pixels	 representative	 of	 increased	 free	

NADH	 in	 Phasor	 FLIM	 images.	 We	 hypothesize	 that	 NADH	 in	 the	 oocyte	 is	 produced	

through	 the	 Krebs	 cycle	 inside	 the	 mitochondrial	 matrix	 in	 the	 absence	 of	 oxidative	

phosphorylation	because	we	observed	no	 statistically	 significant	 increases	 in	 free/bound	

NADH	 when	 ovaries	 were	 treated	 with	 the	 oxidative	 phosphorylation	 inhibitor	 KCN.	

However,	 we	 observed	 significant	 decreases	 in	 free	 NADH	 in	 KCN	 treated	 ovaries.	 We	

believe	 that	 inhibition	 of	 cytochrome	 c	 oxidase	 by	 KCN	 may	 impair	 mitochondria	 from	

optimally	executing	Krebs	cycle,	thus	decreasing	free	NADH.	These	data	are	consistent	with	

a	 previous	 report	 suggesting	 that	 glycolysis	 and	 Krebs	 cycle	 are	 important	 pathways	 in	

PND	1-4	primordial	follicles	(S.	E.	Harris	et	al.	2009).	Krebs	cycle	is	surmised	to	be	a	critical	

metabolic	 pathway	 in	 oocytes	 based	 on	 reports	 that	 denuded	 oocytes	 efficiently	 take	 up	

and	metabolize	 pyruvate	 but	 have	 little	 to	 no	 ability	 to	 take	 up	 and	metabolize	 glucose	

from	media	to	produce	CO2	.	Visually,	we	observed	more	pronounced	shifts	towards	bound	

NADH	in	granulosa	and	interstitial	cell	cytoplasm	compared	to	oocyte	cytoplasm	after	2-DG	

or	 Na	 DCA	 treatment	 (Figure	 4A,C).	 One	 possible	 explanation	 for	 this	 finding	 is	 that	

granulosa	 cells	 rely	 heavily	 on	 glucose	 and	 glycolysis	 for	 metabolism,	 while	 oocytes	

continue	Krebs	cycling	using	alternate	sources	of	acetyl-coA	derived	from	other	pathways	

such	as	β-oxidation	(Dunning,	Russell,	and	Robker	2014;	Sturmey	et	al.	2009;	Paczkowski,	

Schoolcraft,	and	Krisher	2014;	Gu	et	al.	2015).		
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Interestingly,	the	free/bound	NADH	ratio	changed	in	concert	with	the	cytoplasmic	ratio	

in	 response	 to	 inhibitors	 (Figures	4	and	5).	These	data	suggest	 that	alterations	 in	oocyte	

metabolism	 can	 impact	 nuclear	 levels	 of	NADH	 and	 consequently	 have	 effects	 on	 oocyte	

nuclear	maturation	and	nuclear	NADH/NAD+	dependent	regulation	and	signaling.		

	

Changes	 in	 Oocyte	 Nuclear	 Free/Bound	 NADH	 and	 SIRT1	 Expression	 Accompany	

Primordial	Follicle	Activation		

We	 identified	 statistically	 significant	 decreases	 in	 oocyte	 nucleus	 free/bound	 NADH	

that	 accompany	 the	 activation	 of	 primordial	 follicles	 to	 the	 transitional/primary	 stages.	

Two	 main	 mechanisms	 could	 explain	 the	 decline	 in	 nuclear	 free/bound	 NADH,	 altered	

activities	of	NAD+	dependent	enzymes	and	exchange	between	the	cytoplasmic	and	nuclear	

pools	of	NADH/NAD+.	The	former	includes	nuclear	sirtuins	such	as	SIRT1	and	SIRT2	and	

ADP-ribosyltransferases	 (Koch-Nolte	 et	 al.	 2011).	 Regarding	 the	 latter,	 the	 nuclear	 and	

cytoplasmic	 pools	 are	 believed	 to	 be	 exchangeable	 (Koch-Nolte	 et	 al.	 2011).	While	 all	 of	

these	could	be	playing	a	role	in	the	nuclear	changes	in	free/bound	NADH,	we	characterized	

the	 protein	 expression	 of	 SIRT1,	 a	 NAD+	 dependent	 deacetylase.	We	were	 interested	 in	

SIRT1	 due	 to	 its	 nuclear	 localization	 and	 known	 function	 to	 metabolize	 NAD+	 to	

nicotinamide	(NAM),	decreasing	nuclear	levels	of	NADH	(Canto	and	Auwerx	2012).	SIRT1	

is	 reportedly	 expressed	 in	 mouse	 oocytes,	 granulosa	 cells	 and	 ovary;	 however,	 prior	

studies	did	not	report	on	 its	 localization	 in	oocytes	across	early	stages	of	 folliculogenesis	

(Coussens	 et	 al.	 2008;	 Luo	 et	 al.	 2012;	 Di	 Emidio	 et	 al.	 2014;	 Tatone	 et	 al.	 2015).	

Interestingly,	we	 found	 that	a	 subpopulation	of	medullary	primordial	 follicle	nuclei	were	

immunopositive	 for	 SIRT1,	 whereas	 all	 oocyte	 nuclei	 of	 transitional	 and	 primary	 stage	
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follicles	 were	 immunopositive	 (Figure	 6A-E).	 Contrary	 to	 previous	 reports,	 we	 did	 not	

observe	 SIRT1	 in	 the	 oocyte	 cytoplasm	 (Luo	 et	 al.	 2012).	 We	 believe	 this	 could	 be	

attributed	to	differences	in	the	species	studied	and/or	in	SIRT1	antibody.	The	antibody	we	

used	has	previously	been	validated	in	mouse	tissue	and	has	been	demonstrated	to	have	no	

affinity	against	tissue	from	Sirt1-/-	mice	(Boily	et	al.	2009).	Our	SIRT1	immunostaining	in	

PND	7-9	ovary	also	confirmed	previous	reports	 that	SIRT1	 is	expressed	 in	granulosa	and	

interstitial	cell	nuclei	(Luo	et	al.	2012;	Di	Emidio	et	al.	2014).	The	increasing	SIRT1	oocyte	

nuclear	expression	with	primordial	 follicle	 awakening	 is	 intriguing	as	SIRT1	 is	known	 to	

activate	expression	of	PGC-1,	which	is	involved	in	mitochondrial	biogenesis,	glucose/fatty	

acid	 metabolism,	 and	 oxidative	 phosphorylation	 (Nemoto,	 Fergusson,	 and	 Finkel	 2005).	

The	pattern	of	SIRT1	oocyte	nuclear	expression	we	observed	was	inversely	related	to	the	

decreases	 in	 free/bound	NADH	 in	oocyte	nuclei	during	 the	primordial	 to	primary	 follicle	

transition	 (Figure	 2A,B).	 These	 observations	 led	 us	 to	 propose	 a	 model	 for	 changes	 in	

NADH	and	 SIRT1	 expression/activity	 during	primordial	 to	 primary	 oocyte	maturation	 in	

which	 high	 levels	 of	 free	 NADH	 in	 primordial	 oocyte	 nuclei	 inhibit	 SIRT1	 activity,	while	

decreases	in	NADH/NAD+	that	accompany	primordial	follicle	activation	release	inhibition	

and	 increase	 nuclear	 activity	 of	 SIRT1,	which	 further	 decreases	NADH	 via	 conversion	 of	

NAD+	to	NAM	(Figure	2B;	Figure	6F).	This	model	is	consistent	with	previous	reports	that	

SIRT1	expression	and	activity	are	 inhibited	by	high	 levels	of	NADH	(Revollo,	Grimm,	and	

Imai	2004;	Lin	et	al.	2004;	Braidy	et	al.	2011).	Future	studies	should	examine	the	roles	of	

oocyte	nuclear	SIRT1	and	NADH	during	primordial	follicle	activation.		

	

	



57	
	

Late	Secondary	Through	Pre-ovulatory	Follicle	Metabolism		

Overall,	 our	 observations	 using	 Phasor	 FLIM	 at	 740	 nm	 2-photon	 excitation	 are	

consistent	 with	 previous	 data	 that	 whole	 antral	 and	 pre-ovulatory	 follicles	 are	

predominantly	 glycolytic	 (Boland	 et	 al.	 1993;	 Boland,	 Humpherson,	 Leese,	 and	 Gosden	

1994b;	Boland,	Humpherson,	Leese,	and	Gosden	1994a).	Our	 findings	show	that	cumulus	

and	mural	granulosa	cell	metabolism	is	mainly	glycolytic,	while	oocytes	primarily	undergo	

oxidative	phosphorylation	in	these	follicles.		

We	 characterized	 the	 free/bound	 NADH	 ratio	 of	 secondary	 through	 pre-ovulatory	

follicle	stages	in	ovaries	from	pre-pubertal	females	injected	with	gonadotropins	to	promote	

follicle	 growth.	 At	 these	 stages,	 secondary	 through	 pre-ovulatory	 oocytes	 have	 a	

predominantly	NADH	consuming	metabolism	with	oxidative	phosphorylation	 likely	being	

the	 main	 contributor.	 We	 observed	 mainly	 light	 blue	 pixels	 in	 Phasor	 FLIM	 images	 of	

oocyte	 cytoplasm	 at	 these	 stages	 representative	 of	 low	 ratios	 of	 free/bound	 NADH	

compared	to	primordial	through	primary	follicles	(Figures	7,9).	These	data	are	consistent	

with	 previous	 reports	 that	 have	 shown	 increased	 oxygen	 consumption	 in	 mechanically	

separated,	pooled	secondary	and	antral	follicles	(S.	E.	Harris	et	al.	2009).	We	found	that	all	

populations	 of	 granulosa	 cells	 in	 late	 secondary	 through	 pre-ovulatory	 follicles	 have	

predominantly	 NADH	 producing	 metabolism,	 consistent	 with	 glycolysis/Krebs	 based	 on	

quantitation	 of	 free/bound	 NADH	 ratios	 and	 enrichment	 of	 red	 pixels	 in	 granulosa	 cell	

compartments	within	the	follicles	(Figures	7	and	8).		

Despite	 the	 overall	 predominantly	NADH	producing	metabolism	 in	 granulosa	 cells	 of	

secondary	 through	 pre-ovulatory	 follicles,	 we	 did	 observe	 significant	 differences	 in	

free/bound	NADH	ratios	between	mural	and	cumulus	granulosa	cells.	The	mural	cells	had	
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significantly	 lower	 free/bound	 NADH	 ratios,	 consistent	 with	 a	 metabolic	 shift	 towards	

oxidative	 phosphorylation	 compared	 to	 cumulus	 cells.	 This	 shift	 may	 reflect	 the	 closer	

proximity	of	mural	granulosa	cells	to	the	oxygen	supply	provided	by	the	capillary	network	

within	the	theca	cells	(H.	M.	Brown	and	Russell	2013).	Theca	cell	layers	appear	light	green	

on	phasor	FLIM	images,	consistent	with	oxidative	phosphorylation	(Figure	7).	The	higher	

ratios	 of	 free/bound	NADH	 in	 cumulus	 compared	 to	mural	 granulosa	 cells	 of	 antral	 and	

pre-ovulatory	follicles	at	48	hour	post	eCG	are	consistent	with	a	prior	report	of	upregulated	

expression	of	glycolytic	genes	in	cumulus	granulosa	cells	compared	with	mural	granulosa	

cells	in	PND	22	eCG	primed	mouse	ovaries	(Sugiura,	Pendola,	and	Eppig	2005).		

We	 also	 observed	 increases	 in	 free/bound	 NADH	 in	 secondary	 oocytes,	 secondary	

granulosa	 cells,	 and	 pre-ovulatory	 follicle	 mural	 granulosa	 cells	 in	 eCG+hCG	 treated	

animals	compared	to	eCG	treated	animals.	These	data	suggest	 that	hCG	has	a	stimulatory	

effect	 on	 NADH	 production	 or	 prevents	 NADH	 oxidation	 in	 these	 follicular	 cell	 types	 at	

these	stages.	This	observation	is	consistent	with	previous	findings	that	LH	increased	FSH-

stimulated	 lactate	 production	 in	 cultured	 follicles	 matured	 to	 the	 pre-ovulatory	 stage	

(Boland	et	al.	1993).		

	

Limitations	of	the	Present	Study		

Our	study	has	several	limitations.	The	Phasor	FLIM	method	provides	a	measure	of	the	

ratio	of	free/bound	NADH,	which	previous	studies	suggest	approximates	the	NADH/NAD+	

ratio	(Stringari,	Edwards,	et	al.	2012;	Bird	et	al.	2005;	Lakowicz	et	al.	1992).	However,	we	

cannot	rule	out	that	other	factors	were	responsible	for	the	differences	in	free/bound	NADH	

we	 observed.	 Although	 the	 intensity	 images	 provide	 an	 indication	 of	 the	 relative	
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concentrations	 of	 NADH	 within	 the	 tissue,	 we	 were	 not	 able	 to	 calculate	 the	 absolute	

concentration	 of	 NADH	 with	 the	 tools	 available	 to	 us;	 however,	 this	 will	 be	 possible	 in	

future	 studies	 with	 the	 availability	 of	 recently	 developed	 methods.	 While	 the	 ability	 to	

measure	free/bound	NADH	ratios	in	freshly	dissected	whole,	ex	vivo	ovary	was	a	strength	

of	 our	 study,	 we	 acknowledge	 that	 the	 ex	 vivo	 environment	 differs	 from	 the	 in	 vivo	

environment	and	therefore	one	should	be	cautious	 in	extrapolating	our	 findings	to	 the	 in	

vivo	situation.		

	

Proposed	Model	for	Metabolism	during	Folliculogenesis		

We	propose	a	model	 for	metabolic	 changes	during	metabolism	based	on	our	 findings	

(Figure	8F).	Quiescent	primordial	follicles	in	the	ovarian	cortex	undergo	NADH	producing	

metabolism	 (glycolysis/Krebs	 cycle)	 located	 away	 from	 the	 vasculature	 in	 a	 hypoxic	

environment	(Makanji	et	al.	2014).	As	follicles	mature	to	the	secondary	stage	they	move	to	

the	 vascularized	 ovarian	 medulla.	 As	 late	 secondary	 follicles	 mature	 to	 antral	 follicles,	

vascularization	 of	 the	 theca	 cell	 layer	 occurs	 (H.	M.	 Brown	 and	Russell	 2013),	 providing	

increased	 access	 to	 oxygen,	 and	 oocytes	 shift	 towards	 an	 NADH	 consuming	metabolism	

consistent	 with	 oxidative	 phosphorylation.	 Follicular	 access	 to	 increased	 oxygen	 supply	

promotes	small	increases	in	oxidative	phosphorylation	in	mural	granulosa	cells.	The	oocyte	

relies	 on	 highly	 glycolytic	 cumulus	 cells	 as	 a	 source	 of	 pyruvate	 and	 continues	 oxidative	

phosphorylation	 through	 the	 pre-ovulatory	 stage.	 From	 an	 evolutionary	 perspective,	 it	

would	be	beneficial	for	quiescent	and	early	stage	oocytes	to	use	glycolysis	and	Krebs	cycle	

for	 energy	 metabolism	 to	 avoid	 the	 consequences	 of	 reactive	 oxygen	 species	 generated	

from	 oxidative	 phosphorylation	 and	 maintain	 primordial	 follicle	 integrity.	 However,	
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oxidative	phosphorylation	 is	 a	much	more	 efficient	 form	of	 energy	metabolism	 (J.	 Zheng	

2012),	 and	 as	 follicular	 maturation	 progresses,	 so	 do	 the	 energy	 needs	 of	 the	 growing	

oocyte.		

	 	



61	
	

Chapter	 3:	 Effects	 of	 Amhr2-Cre	 and	 Zp3-Cre-Mediated	 Conditional	

Deletion	of	Gclc	on	Fertility	and	Follicle	Counts	

	

ABSTRACT	

Increased	 oxidative	 stress	 is	 a	 key	 feature	 of	 ovarian	 aging	 and	 has	 been	 shown	 to	

compromise	 fertility.	Mice	 globally	 deficient	 in	 the	 antioxidant	 glutathione	 (GSH)	 exhibit	

decreased	 fertility	 due	 to	 preimplantation	 embryo	 mortality	 and	 accelerated	 decline	 in	

ovarian	reserve.	We	investigated	the	ovary-specific	contribution	of	GSH	to	fertility	utilizing	

a	Cre-lox	approach.	We	used	Anti-Müllerian	Hormone	Receptor	2	Cre	 (Amhr2-Cre)	or	Zona	

Pellucida	Protein	3	Cre	(Zp3-Cre)	mice	to	conditionally	mutate	a	"floxed"	allele	of	glutamate	

cysteine	ligase	catalytic	subunit	(Gclc	floxed)	in	female	mice.	GCLC	is	the	catalytic	subunit	of	

the	first	and	rate-limiting	enzyme	in	GSH	synthesis.	Therefore,	conditional	deletion	of	Gclc	

floxed	 should	 abolish	 GSH	 synthesis	 in	Cre	 expressing	 cell	 types.	Amhr2(Cre/+)Gclc(f/-)	 ,	

Zp3-Cre(+/-)	 Gclc(f/-),	Gclc(f/-)	 	 and	Gclc(f/+)	 littermate	 controls	were	 aged	 to	 12	weeks	

and	subsequently	bred	for	16	weeks	with	C57BL/6J	proven	breeder	male	mice.	We	found	

Amhr2(Cre/+)Gclc(f/-)	mice	 had	 similar	 numbers	 of	 litters,	 but	 had	 significantly	 reduced	

cumulative	number	of	pups	compared	to	Gclc(f/+)	paired	littermate	controls.	We	found	no	

significant	differences	in	cumulative	numbers	of	litters	or	pups	between	Gclc(f/-)	mice	and	

Gclc(f/+)	littermate	controls,	supporting	that	the	fecundity	phenotype	is	due	to	Amhr2-Cre-

mediated	conditional	deletion	and	is	not	a	result	of	haploinsuffuciency	of	Gclc.	Zp3-Cre(+/-

)Gclc(f/-)	female	mice	showed	no	significant	differences	in	cumulative	number	of	litters	or	

pups	compared	to	Gclc	(f/+)	controls.	Quantification	of	ovarian	follicles	in	females	after	the	

breeding	 study	 revealed	 no	 significant	 differences	 in	 total	 number	 of	 healthy	 follicles	 in	



62	
	

Amhr2(Cre/+)Gclc(f/-)	 ovaries	 compared	 to	Gclc(f/+)	 controls,	 but	Amhr2(Cre/+)Gclc(f/-)	

ovaries	 had	 significantly	 more	 corpora	 lutea	 and	 antral	 follicles	 compared	 to	 Gclc(f/+)	

littermate	 control	 ovaries	 (P<0.05).	 We	 observed	 no	 significant	 differences	 in	 follicle	

counts	between	Zp3-Cre(+/-)Gclc	(f/-)	and	Gclc	(f/+)	littermate	controls.	

Taken	 together,	 these	 data	 support	 GSH	production	 in	Amhr2-Cre	 expressing	 ovarian	

cells	can	modulate	 fecundity.	 Additionally	 our	 results	 demonstrate	Amhr2-Cre	conditional	

deletion	of	Gclc	floxed	results	in	reduced	fecundity,	similar	to	our	previous	observations	in	

the	globally	GSH	deficient	Gclm	null	mouse.		

	
INTRODUCTION	

Antioxidants	 are	molecules	 that	 neutralize	 reactive	 species	 and	 are	 a	 critical	 defense	

against	 cellular	 damage	 induced	 by	 oxidative	 stress.	 Reactive	 species	 such	 as	 reactive	

oxygen	species	(ROS)	and	reactive	nitrogen	species	(RNS)	are	naturally	produced	cellular	

byproducts	 of	 mitochondrial	 respiration	 and	 biochemical	 reactions.	 High	 and	 prolonged	

levels	 of	 oxidative	 stress	 have	 the	 capacity	 to	 damage	 cells	 (J.	 Lim	 and	 Luderer	 2011;	

Robertson	 2004;	 Kurz	 et	 al.	 2004),	 and	 age-related	 increases	 in	 oxidative	 stress	 are	

hypothesized	to	contribute	to	ovarian	aging	(J.	Lim	and	Luderer	2011).		

However,	growing	evidence	suggests	that	reactive	species	(RS)	within	cells	may	also	act	

as	secondary	messengers	in	intracellular	signaling	cascades	and	regulate	gene	expression	

(Matés	et	al.	2008;	Menon	and	Goswami	2007;	Suzuki,	Forman,	and	Sevanian	1997;	Dröge	

2002)	during	modest	 to	moderate	 levels	 of	 acute	 oxidative	 stress.	 Previous	 studies	 have	

provided	 evidence	 that	 RS	 and	 antioxidants	 may	 be	 regulated	 to	 induce	 increased	

proliferation,	 inhibition	 of	 cell	 division,	 senescence,	 necrosis,	 apoptosis,	 or	 cell	 death	 in	

cell-type	specific	manners	(Halliwell	2007;	Aw	1999;	Day	and	Suzuki	2005).	A	pro-oxidant	
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environment	 with	 mild	 to	 moderately	 elevated	 redox	 status	 has	 been	 demonstrated	 to	

exert	 a	proliferative	effect	 in	 some	cell	 types	 (Burdon,	Gill,	 and	Rice-Evans	2009;	Duleba	

2004;	 Galli	 et	 al.	 2005;	 Dragin	 et	 al.	 2006;	 Menon	 and	 Goswami	 2007).	 Conversely,	

antioxidants	 have	 been	 demonstrated	 to	 preserve	 normal	 cell	 cycle	 regulation	 (Sen	 and	

Chakraborty	2011)	and	inhibit	mitotic	proliferation	and	resumption	of	meiosis	(Takami	et	

al.	1999).	Acute	and	chronic	oxidative	stress	also	impact	the	signaling	cascade	equilibrium	

within	cells	and	systems,	and	acute	versus	chronic	oxidative	stress	are	surmised	to	induce	

distinct	 responses	 (Dröge	 2002).	 ROS	 and	 antioxidants	 have	 been	 demonstrated	 to	

modulate	 multiple	 processes	 during	 the	 course	 of	 folliculogenesis,	 fertilization,	

implantation	and	embryo	development	(Ruder	et	al.	2008;	Takami	et	al.	1999).		

GSH	is	a	main	cellular	antioxidant,	which	has	been	shown	to	be	critical	in	maintenance	

of	fertility.	GSH	is	synthesized	in	a	two	step	process,	of	which	the	first,	rate	limiting	step	is	

catalyzed	 by	 Glutamate	 Cysteine	 Ligase	 (GCL),	 formerly	 termed	 γ-glutamylcysteine	

synthetase	(GCS)	(B.	N.	Nakamura	et	al.	2012;	Franklin	et	al.	2009;	Lu	2013).	GCL	consists	

of	two	subunits,	the	catalytic	subunit	GCLC	and	the	modifier	subunit	GCLM,	which	acts	to	

lower	the	Km	of	GCLC	to	glutamate.	Our	previous	work	has	established	that	gonadotropins	

modulate	 ovarian	 Gclm	 and	 Gclc	 mRNA	 and	 protein	 expression	 (Hoang,	 Nakamura,	 and	

Luderer	 2009;	 Luderer	 et	 al.	 2001).	 We	 further	 demonstrated	 that	 chronic	 ovarian	

oxidative	 stress	 induced	 by	 GSH	 deficiency	 in	 female	 global	 Gclm	 -/-	 mice	 results	 in	

decreased	 fertility,	 abnormal	 pronuclear	 development,	 decreased	 progression	 to	 the	

blastocyst	 stage,	 and	premature	ovarian	 failure	 (B.	N.	Nakamura	 et	 al.	 2011;	 J.	 Lim	et	 al.	

2015;	Sutovsky	and	Schatten	1997).	Approximately	12%	of	American	women	15-44	years	

of	 age	 have	 impaired	 fecundity	 (Centers	 for	 Disease	 Control	 2016),	 and	 POF	 is	 a	 major	



64	
	

cause	 of	 female	 impaired	 fecundity	 and	 infertility.	 POF	 affects	 1%	 of	 all	 women	

(Pouresmaeili	 and	Fazeli	 2014;	Nelson	2009).	 POF	 is	 not	 only	 associated	with	 infertility,	

but	 also	 increases	 the	 risks	 for	 developing	 cardiovascular	 disease,	 osteoporosis,	 and	

Alzheimer's	 disease.	 However,	 physiological	 mechanisms	 underlying	 POF	 remain	 poorly	

understood(Pouresmaeili	 and	 Fazeli	 2014;	 van	 Dooren,	 Bertoli-Avellab,	 and	 Oldenburg	

2009;	Fenton	2015;	Ebrahimi	and	Akbari	Asbagh	2015).		

GCLC	is	responsible	for	the	first	step	of	glutathione	catalysis,	whereby	deletion	of	Gclc	

will	 result	 in	 abolition	 of	 glutathione	 synthesis.	 While	 global	 Gclc	 -/-	 mice	 have	 been	

demonstrated	 to	 be	 embryonic	 lethal	 (Dalton	 et	 al.	 2000),	Gclc	may	 be	 deleted	 in	 viable	

mouse	 models	 utilizing	 a	 tissue	 specific	 Cre-lox	 transgenic	 strategy	 (Chen,	 Yang,	 et	 al.	

2007).	Our	goal	 in	 this	study	was	 to	characterize	 the	 impact	of	GCLC	deletion	on	 fertility	

and	ovarian	 follicle	numbers	using	Gclc	 floxed	 transgenic	mice	paired	with	Amhr2-Cre	 or	

Zp3-Cre	 alleles	 respectively.	 Amhr2-Cre	 is	 reported	 to	 be	 expressed	 in	 the	 mesenchyme	

surrounding	 the	Müllerian	ducts	during	embryonic	development	 (Jamin	et	 al.	 2002),	 and	

post-natally	 in	 granulosa	 cells	 of	 growing	 follicles	 to	 the	 small	 antral	 stage	 (Jorgez	 et	 al.	

2004),	brain,	pituitary,	uterine	myometrium	and	stroma,	oviduct,	and	vagina	 (Hernandez	

Gifford,	Hunzicker-Dunn,	and	Nilson	2009;	Laguë	et	al.	2010;	Jorgez	et	al.	2004;	Hong	et	al.	

2008).	 The	 expression	 pattern	 of	 Amhr2-Cre	 in	 the	 ovary	 appears	 to	 recapitulate	 the	

reported	expression	of	Amhr2	 in	granulosa	cells	of	primary	to	small	antral	 follicles	 in	the	

prepubertal	and	adult	ovary	(Baarends	et	al.	1995).	 	Zp3	 itself	 (Philpott)	and	Zp3-Cre	are	

expressed	postnatally	in	primary	and	later	staged	oocytes	(de	Vries	et	al.	2000;	Cordeiro	et	

al.	2015).		
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We	generated	female	Amhr2-Cre	and	Zp3-Cre	Gclc	null	mice	to	test	the	hypotheses	that	

GSH	deficiency	 in	 granulosa	 cells	 or	oocytes,	 respectively,	 decreases	 fertility	 and	ovarian	

follicle	numbers.	

	

MATERIALS	AND	METHODS	

Mice	

Amhr2tm3(cre)Bhr	(hereafter	referred	to	as	Amhr2-Cre)	knock-in	mice	were	generated	

previously	 and	 were	 purchased	 from	 the	 Mutant	 Mouse	 Regional	 Resource	 Center.	

Amhr2tm3(cre)Bhr	 mice	 were	 generated	 introducing	 an	 IRES–cre–pA–FRT–PGK–neo–pA–

FRT	 expression	 cassette	 into	 exon	 5	 of	 the	 Amhr2	 locus	 by	 gene	 targeting	 in	 mouse	

embryonic	stem	cells(Jamin	et	al.	2002).	C57BL/6-TgN(Zp3-Cre)Knw		(hereafter	referred	to	

as	 Zp3-Cre)	mice	were	purchased	 from	 Jackson	Laboratories.	 	Zp3-Cre	mice	were	created	

using	a	Zp3-Cre	recombinase	plasmid	construct	(de	Vries	et	al.	2000).	Gclc(f/f)	mice	were	

generated	previously	(Chen,	Yang,	et	al.	2007)	and	were	generously	provided	by	Dr.	Ying	

Chen.	Mice	were	 housed	 in	 an	American	Association	 for	 the	 Accreditation	 of	 Laboratory	

Animal	Care-accredited	facility	and	maintained	on	a	14/10	hour	light/dark	schedule	with	

free	access	to	soy-free	rodent	chow	(Harlan	2019)	and	deionized	water.	Temperature	was	

maintained	at	21-23°C.		

A	standard	knockout	form	of	the	Gclc	allele	was	generated	by	crossing	Zp3-Cre	 female	

mice	with	male	Gclc(f/f)	mice.	Resulting	progeny	were	subjected	to	PCR	for	the	deleted	Gclc	

allele,	Gclc	wildtype	allele,	and	Cre.	One	founder	male	with	the	Gclc	deleted	allele	only	(Gclc	

(+/-))	was	 selected	 to	 breed	 to	Amhr2-Cre	 and	 Zp3-Cre	 female	mice	 to	 create	 stud	male	

breeders	 with	 genotype	 Amhr2(Cre/+);Gclc(f/-)	 or	 Zp3Cre(-/+)Gclc(f/-).	
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Amhr2(Cre/+)Gclc(f/-)	 or	 Zp3Cre(-/+)Gclc(f/-)	 were	 kept	 consistently	 male	 and	 bred	 to	

Gclc(f/f)	 female	mice	to	obtain	experimental	Amhr2Cre;Gclc(f/-)	and	Zp3Cre;Gclc(f/-)	mice	

and	control	Gclc(f/+)	mice.	

	

Genotyping	

Genotyping	of	animals	was	performed	on	DNA	extracted	by	HOTSHOT	DNA	extraction	

(Truett	et	al.	2000)	using	 toe	snips	 that	were	 incubated	with	50	mM	NaOH	at	98°C	 for	1	

hour	that	was	subsequently	quenched	with	1	M	Tris-HCl.	PCR		was	then	carried	out	using	

primers	 designed	 for	 detection	 of	 transgenes	 using	 the	 following	 primer	 sequences:	Cre	

Recombinase:	 5’-GCA	TTA	CCG	GTC	GAT	GCA	ACG	AGT	GAT	GAG-3’	 and	5’-GAG	TGA	ACG	

AAC	 CTG	 GTC	 GAA	 ATC	 AGT	 GCG-3’.	 Primers	 for	 detection	 of	 Gclc	 allele	 variants	 were	

generously	provided	by	Ying	Chen	(Chen,	Yang,	et	al.	2007).	Gclc	Floxed:	5’-CTA	TAA	TGT	

CCT	GCA	CTG	GG-3’	and	5’-CGG	GTG	TTG	GGT	CGT	TTG	T-3’.	Gclc	Wildtype:	5’-TAG	TGA	ACG	

GTG	TTA	AAG	G-3’	and	5’-CTA	TAA	TGT	CCT	GCA	CTG	GG-3’.	Gclc	Delete:	5’-TAG	TGA	ACG	

GTG	TTA	AAG	G-3’	and	5’-TCA	CTG	GAT	TCT	CTC	ACC-3’.	

	

qPCR	Quantitation	of	Gclc	in	Conditional	Knockout	Mice		

Granulosa	cells	were	collected	from		Gclc(f/+)	and	Amhr2(Cre/+)Gclc(f/-)	 females	14	h	

after	injection	with	5	IU	equine	chorionic	gonadotropin	(CG)	i.p.	to	stimulate	pre-ovulatory	

follicle	development.	Granulosa	cells	were	extracted	from	pre-ovulatory	follicles	by	needle	

puncture	 and	 collected	 by	 mouth	 pipette	 in	 a	 2-5	 μL	 volume	 of	 PBS.	 Samples	 were	

immediately	snap	frozen	on	dry	ice	and	stored	at	-80°C	until	RNA	extraction.	Samples	were	

thawed	on	 ice	 and	 subsequently	 lysed	 in	 cell	 lysis	 buffer	 (#9303S;	 Cell	 Signaling)	mixed	
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with	 DNAse	 I	 incubated	 at	 room	 temperature	 for	 10	 minutes.	 RNA	 extraction	 was	

performed	 using	RNeasy	Micro	 kit	 (#74034,	Qiagen).	 RNA	quantity	was	measured	 using	

NanoDrop	1000	(Thermo	Scientific)	and	subjected	to	RT-PCR	using	iScript	(1708840;	Bio	

Rad)	and	qPCR	using	 iTaq	Universal	SYBR	Green	Supermix	(1725120;	Bio	Rad)	using	the	

Gclc	qPCR	primers	generously	provided	by	Dr.	Ying	Chen	(Chen,	Yang,	et	al.	2007).	Gclc	F:	

5’-CCCAGACTAGGCTGTCCT-3’,	 Gclc	 R:	 5’-GGTGTATTCTTGTCCTTGAATATT	 GGC-3.	 Gapdh	

housekeeping	 gene	 was	 used	 for	 internal	 control.	 2-ΔΔCt	 	 fold	 change	 of	

Amhr2(Cre/+)Gclc(f/-)	 	 relative	 to	 Gclc(f/f)	 was	 calculated	 using	 previously	 established	

methods	(Livak	and	Schmittgen	2001).	

	

Breeding	Study	and	Female	Fertility	Assessment	

To	 avoid	 the	 potential	 for	 unforeseen	 confounding	 variables	 arising	 from	 multiple	

animals	 selected	 from	 the	 same	 litter,	 only	 one	 experimental	 female	 littermate	 of	 each	

genotype	was	selected	for	the	breeding	study.	Amhr2(Cre/+)	Gclc(f/-)	and	control	Gclc(f/+)	

littermates,	Zp3-Cre(+/-)	Gclc(f/-)	 and	control	Gclc(f/+)	 littermates,	Gclc(f/-)	 and	Gclc(f/+)	

littermates	were	 aged	 to	12	weeks	 and	mated	 to	8	week	old	C57BL/6J	males	purchased	

from	Jackson	Laboratories	and		proven	breeders	for	a	16	week	continuous	breeding	assay.	

Females	were	 checked	 daily	 for	 pups.	 On	 the	 day	 of	 birth,	 the	 number	 of	 live	 and	 dead	

pups,	number	of	males,	 and	number	of	 females	were	counted.	Pups	were	group	weighed	

according	 to	sex	and	group	weights	were	divided	by	 the	 total	number	of	pups	per	sex	 to	

obtain	average	female	and	male	pup	weight	per	litter.	

Seventeen	days	prior	to	the	end	of	the	16-week	breeding	period,	C57BL/6J	stud	males	

were	separated	from	the	female.	At	the	end	of	the	16	week	breeding	study	or	following	the	
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last	 birth,	 females	 were	 subjected	 to	 vaginal	 cytology	 to	 evaluate	 estrous	 cycling	

(MCCLINTOCK	 1981;	 Caligioni	 2009;	 Goldman,	 Murr,	 and	 Cooper	 2007).	 N	 =	 6	

Amhr2(Cre/+)Gclc(f/-)	and	N	=	7	Gclc(f/+),	N	=	8	Zp3-Cre(+/-)Gclc(f/-)	and	N	=	6	Gclc(f/+),	N	

=	6	Gclc(f/-)	and	N	=	6	Gclc(f/+).	

	

Estrous	Cycling	and	Ovarian	Histology	

Females	 were	 subjected	 to	 15	 –	 21	 days	 of	 vaginal	 cytology	 and	 were	 sacrificed	 on	

metestrus	 (immediately	 following	 a	 cornified	 to	 leukocytic	 cytology	 transition)	 by	 CO2	

euthanasia.	 Ovaries	 were	 fixed	 in	 Bouin’s	 fixative	 overnight	 at	 4°C,	 rinsed	 with	 50%	

ethanol,	and	washed	with	50%	ethanol	three	times,	 followed	by	a	70%	ethanol	wash	and	

stored	in	70%	ethanol	until	paraffin	embedding.	Ovaries	were	subsequently	sectioned	at	5	

μm	 thickness	 and	 stained	with	 Gill	 3	Hematoxylin	 (Richard-Allan	 Scientific)	 and	 Eosin	 Y	

(Sigma).	

	

Morphometric	Analysis	

The	total	number	of	primordial,	primary	and	secondary	follicles	with	a	nucleolus	cross	

section	 were	 counted	 from	 every	 5th	 section	 through	 the	 ovary	 and	multiplied	 by	 5	 to	

obtain	 total	 follicle	 counts	 for	 each	 follicle	 class.	 The	 total	 number	of	 antral	 follicles	was	

assessed	by	tracking	every	section	through	the	ovary.		

Follicle	class	was	assigned	using	the	following	rubric.	Primordial	follicles	were	defined	

as	having	a	small	oocyte	encapsulated	by	exclusively	flat	granulosa	cells,	primary	follicles	

as	 having	 a	minimum	of	 one	 cuboidal	 granulosa	 cell	 up	 to	 a	 single	 full	 layer	 of	 cuboidal	

granulosa	 cells,	 secondary	 follicles	 as	 having	 a	minimum	 of	 one	 granulosa	 cell	 over	 one	
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layer	of	 cuboidal	 granulosa	 cells,	 and	antral	 follicles	as	having	 the	presence	one	or	more	

antral	cavities	with	four	or	more	layers	of	granulosa	cells	(Lopez	and	Luderer	2004;	J.	Lim	

et	al.	2015;	Mishra,	Ortiz,	and	Luderer	2016).		

	

Statistics	

The	effects	of	Gclc	genotype	on	fecundity	and	follicle	counts	(Figure	12)	were	analyzed	

by	 t-test	 (Microsoft	 Excel)	 or	 non-parametric	 Mann-Whitney	 U	 (STATA).	 Population	

distribution	normality	was	assessed	using	the	“summarize,	detail”	command	in	STATA.	The	

population	was	considered	to	have	a	normal	distribution	if	skewness	value	was	within	the	

range	of	-1	to	+1.	If	skewness	was	more	or	less	than	range	of	-1	to	+1	for	at	least	one	of	the	

populations	 compared	within	 the	 dataset,	 comparison	 of	means	was	 subjected	 to	 a	 non-

parametric	Mann	 and	Whitney	U	 analysis.	 If	 skewness	was	within	 the	 range	 of	 -1	 to	 +1,	

comparison	of	means	was	subjected	to	t-test	where	equal	variance	or	unequal	variance	was	

determined	by	the	ratio	of	the	larger	variance	to	the	smaller	variance.	If	the	variance	ratio	

was	less	than	2,	means	were	subjected	to	t-test	with	equal	variance.	Data	are	presented	as	

mean	 and	 standard	 error	 of	 the	 mean	 in	 figures	 and	 tables.	 Data	 was	 graphed	 using	

OriginLab	statistical	software	(2016).	

	

RESULTS	

Unexpected	 Global	 Gclc	 deletion	 in	 progeny	 derived	 from	 Amhr2(cre/+)	 mothers	

inheriting	the	Amhr2-Cre	allele	

To	 obtain	 Amhr2-cre	 experimental	 and	 wildtype	 mice,	 we	 initially	 set	 up	 assorted	

breeding	pairs	consisting	of	either	of	two	mating	schemes:	Amhr2-Cre	mothers	mated	with	
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Gclc(f/f)	males,	and	Amhr2-Cre	fathers	mated	with	Gclc(f/f)	females.	During	toe	genotyping	

of	progeny	derived	from	these	initial	matings,	we	unexpectedly	observed	the	deleted	allele	

passed	 on	 to	 a	 subset	 of	 progeny	 that	 also	 carried	 the	 Amhr2-Cre	 allele	 derived	 from	

Amhr2-Cre	 mothers.	 To	 further	 examine	 this	 observation,	 we	 performed	 necropsy	 and	

subsequent	genotyping	of	several	tissues	from	one	progeny	carrying	the	Gclc	deleted	allele	

and	 observed	 presence	 of	 the	 Gclc	 deleted	 allele	 in	 all	 tissues	 collected	 (Figure	 11).	 To	

further	test	this	effect,	we	examined	the	multiple	progeny	over	time	from	the	two	types	of	

 
Figure	11.	Amhr2-Cre	positive	mothers	mated	with	Gclc(f/f)	males	induce	deletion	of	Gclc	floxed	allele	in	
endoderm,	ectoderm,	and	mesoderm	derived	tissues	of	progeny.	Amhr2-Cre	mothers	mated	with	Gclc(f/f)	
males,	 and	Amhr2-Cre	 fathers	mated	with	Gclc(f/f)	 females	 and	Amhr2(+/+)	 no	 cre	Gclc	 status	 in	 both	
mating	schemes.	During	 toe	genotyping	of	progeny	derived	 from	these	 initial	matings,	we	unexpectedly	
observed	the	deleted	allele	passed	on	to	a	subset	of	progeny	that	also	carried	the	Amhr2-Cre	allele	derived	
from	Amhr2-Cre	mothers.	To	 further	examine	this	observation,	we	performed	necropsy	and	subsequent	
genotyping	of	several	tissues	from	one	progeny	carrying	the	Gclc	deleted	allele	and	observed	presence	of	
the	Gclc	deleted	allele	in	all	tissues	collected.	Therefore,	we	subsequently	only	used	the	breeding	strategy	
in	which	Amhr2-Cre	males	were	mated	with	Gclc(f/f)	females.	
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mating	pairs:	 1)	Gclc	 (f/f)	 females	mated	 to	Amhr2-Cre	Males	 and	2)	Amhr2-Cre	 females	

mated	to	Gclc	(f/f)	males.	We	did	not	observe	the	deleted	Gclc	allele	in	any	progeny	derived	

from	Gclc	(f/f)	mothers	mated	with	Amhr2-Cre	males.	However,	we	did	observe	the	deleted	

Gclc	allele	in	progeny	also	inheriting	Amhr2-Cre	derived	from	Amhr2-Cre	mothers	mated	to	

Gclc	(f/f)	males,	but	not	in	littermates	that	did	not	inherit	the	Amhr2-Cre	allele	(Figure	11).	

Taking	 these	 data	 into	 account,	 we	 consistently	 derived	 experimental	 animals	 from	

Amhr2(Cre/+)	males	mated	to	Gclc	floxed	females.	

	

Confirmation	of	granulosa	cell	and	oocyte	deletion	of	Gclc	

Deletion	of	 the	 floxed	allele	under	Zp3-Cre	was	confirmed	by	PCR	of	progeny	derived	

from	Zp3-Cre	mothers	mated	to	Gclc	floxed	fathers	where	all	progeny	displayed	presence	of	

the	Gclc	Deleted	allele	and	absence	of	the	Gclc	floxed	allele	by	PCR	(Figure	16A)	Deletion	of	

the	Gclc	 floxed	allele	under	Amhr2-Cre	was	confirmed	by	depleted	 levels	of	granulosa	cell	

Gclc	mRNA	measured	in	Amhr2(Cre/+)Gclc(f/-)	compared	to	Gclc(f/+)	wildtype	controls	by	

qPCR	(Figure	16B).	

	

Impaired	 fertility	 in	Amhr2-Cre;Gclc(f/-)	 female	mice	but	not	 in	 females	with	oocyte	

specific	Gclc	deficiency	

To	 clarify	 the	 contribution	 of	 ovarian	 glutathione	 in	 the	maintenance	 of	 fertility,	 we	

chose	 to	 perform	 Cre/loxP	 conditional	 deletion	 (Schulz	 et	 al.	 2007;	 Smith	 2011)	 of	Gclc	

using	Amhr2-Cre(Durlinger	et	al.	2001)	and	Zp3-cre(de	Vries	et	al.	2000).		

To	 assess	 the	 effects	 of	 targeted	 glutathione	 depletion	 on	 fecundity,	 we	 placed	

Amhr2(Cre/+)Gclc(f/-),	 Zp3Cre(-/+)Gclc(f/-),	 and	 corresponding	 Gclc(f/+)	 wildtype	
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Figure	12:	Amhr2-cre	Gclc	conditional	knockout	mice	but	not	Zp3-Cre	Gclc	 display	decreased	 fecundity	
compared	to	wildtype	littermate	controls.	A)	Average	cumulative	litters	(left)	and	cumulative	pups	(right)	
over	16	week	breeding	study	quantified	from	Amhr2-Cre	Gclc	conditional	knockout	females	(dashed	line)	
vs.	wildtype	littermate	controls	(solid	line)	(P	≤	0.03	effect	of	genotype	by	Mann-Whitney	U).	B)	Average	
cumulative	 litters	 (left)	 and	 cumulative	pups	 (right)	quantified	 from	Zp3-Cre	 Gclc	 conditional	knockout	
females	(dashed	line)	vs.	wildtype	littermate	controls	(solid	line).	C)	Average	cumulative	litters	(left)	and	
cumulative	 pups	 (right)	 quantified	 from	 global	 heterozygous	 Gclc	 females	 (dashed	 line)	 vs.	 wildtype	
Gclc(f/+)	controls	(solid	line).	Error	bars	represent	standard	error	of	the	mean.		
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littermates	 in	 a	16-week	breeding	 study	and	quantified	 the	number	of	 cumulative	 litters	

and	 cumulative	 pups.	 Amhr2(Cre/+)Gclc(f/-)	 females	 with	 conditional	 Gclc	 deletion	 in	

Amhr2-Cre	expressing	cells	gave	birth	to	significantly	reduced	cumulative	number	of	pups	

starting	 at	 4	 weeks	 of	 age	 compared	 to	 wildtype	 littermate	 controls	 (Figure	 12A).	 We	

observed	 no	 significant	 differences	 in	 the	 cumulative	 number	 of	 litters	 in	 either	

Amhr2(Cre/+)Gclc(f/-)	 or	 Zp3Cre(-/+)Gclc(f/-)	 compared	 to	 Gclc(f/+)	 controls	 (Figure	

12A,B).	 We	 also	 observed	 no	 significant	 differences	 in	 cumulative	 number	 of	 pups	 in	

Zp3Cre(-/+)Gclc(f/-)	compared	to	Gclc(f/+)	controls	(Figure	12B)	or	 in	Gclc(f/-)	compared	

to	Gclc(f/+)	controls	(Figure	14).	 

  

 
Figure	13:	Seven	month	old	Amhr2-cre	Gclc	conditional	knockout	mice	exhibit	increased	average	number	
of	 antral	 follicles	 and	 corpora	 lutea	 compared	 to	 wildtype	 littermate	 controls.	 A)	 Average	 primordial,	
primary,	secondary,	atretic	primordial,	atretic	primary	and	atretic	secondary	follicles	per	ovary	in	Amhr2-
Cre	 Gclc	 conditional	 knockout	 females	 (blue)	 vs.	 wildtype	 Gclc(f/+)	 controls	 (red).	 B)	 Average	 antral,	
atretic	 antral,	 and	 corpora	 lutea	 per	 ovary	 in	 Amhr2-Cre	 Gclc	 conditional	 knockout	 females	 (blue)	 vs.	
wildtype	Gclc(f/+)	 controls	 (red).	 *P	 ≤	0.01,	 t-test.	 	 C)	Average	healthy	and	atretic	 follicles	per	ovary	 in	
Amhr2-Cre	 Gclc	 conditional	 knockout	 females	 (blue)	 vs.	 wildtype	 Gclc(f/+)	 controls	 (red).	 D)	 Average	
percent	 (out	 of	 total	 follicles)	 of	 primordial,	 primary,	 secondary,	 and	 antral	 follicles	 in	Amhr2-Cre	 Gclc	
conditional	knockout	females	(blue)	vs.	wildtype	Gclc(f/+)	controls	(red).	
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Figure	14:	Seven	month	old	Zp3-cre	Gclc	conditional	knockout	mice	exhibit	no	significant	differences	 in	
follicle	 numbers	 per	 ovary	 compared	 to	 wildtype	 Gclc(f/+)	 controls.	 A)	 Average	 primordial,	 primary,	
secondary,	 atretic	 primordial,	 atretic	 primary	 and	 atretic	 secondary	 follicles	 per	 ovary	 in	 Zp3-Cre	 Gclc	
conditional	knockout	females	(blue)	vs.	wildtype	Gclc(f/+)	controls	(red).	B)	Average	antral,	atretic	antral,	
and	 corpora	 lutea	 per	 ovary	 in	Zp3-Cre	 Gclc	 conditional	 knockout	 females	 (blue)	 vs.	wildtype	Gclc(f/+)		
controls	 (red).	 C)	 Average	 healthy	 and	 atretic	 follicles	 per	 ovary	 in	 Zp3-Cre	 Gclc	 conditional	 knockout	
females	 (blue)	 vs.	 wildtype	 Gclc(f/+)	 controls	 (red).	 D)	 Average	 percent	 (out	 of	 total	 follicles)	 of	
primordial,	primary,	secondary,	and	antral	follicles	in	Zp3-Cre	Gclc	conditional	knockout	females	(blue)	vs.	
wildtype	Gclc(f/+)	controls	(red).	
 

 
Figure	15	:	No	significant	difference	in	total	number	of	oocytes	superovulated	from	Gclc(f/f),	Zp3-Cre	Gclc	
heterozygous,	 and	Zp3-Cre	Gclc	conditional	knockout	mice.	Total	number	of	oocytes	 superovulated	from	
Gclc	(f/f),	Zp3-Cre(+/-)Gclc(f/+)	and	Zp3-Cre(+/-)Gclc(f/f)	female	mice.	Error	bars	represent	standard	error	
of	the	mean.	
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Impaired	 fertility	 in	 Amhr2Cre;Gclc(f/-)	 	 female	mice	 but	 not	 in	 females	with	 oocyte	

specific	Gclc	deficiency	

To	 assess	 the	 impact	 of	Amhr2-Cre	 and	 Zp3-Cre	 conditional	Gclc	 deletion	 on	 ovarian	

histomorphometry,	 we	 sacrificed	 females	 on	 the	 day	 of	 metestrus	 15-21	 days	 after	 the	

breeding	study	on	metestrus	and	quantified	follicle	and	corpora	lutea.		

 
Figure	16:	Confirmation	of	Zp3-Cre	 and	Amhr2-Cre	deletion	of	Gclc	 floxed	 allele.	A)	Deletion	of	 the	Gclc	
floxed	allele	under	Zp3-Cre	was	confirmed	by	PCR	of	progeny	derived	from	Zp3-Cre	mothers	mated	to	Gclc	
floxed	 fathers	 where	 all	 progeny	 displayed	 presence	 of	 the	Deleted	Gclc	 allele	 and	 absence	 of	 the	Gclc	
floxed	allele	by	PCR.	B)	Deletion	of	the	Gclc	floxed	allele	under	Amhr2-Cre	was	confirmed	by	depleted	levels	
of	granulosa	cell	Gclc	RNA	measured	in	Amhr2(Cre/+)Gclc(f/-)	compared	to	Gclc(f/+)	wildtype	controls	by	
qPCR.	C57BL/6J	-	not	C57BL6/J	as	written	at	top	of	figure.	
 



76	
	

We	found	significant	 increases	 in	antral	 follicles	(P	≤	0.015,	equal	variance	t-test)	and	

corpora	lutea	(P	≤	0.008,	equal	variance	t-test)	in	Amhr2(Cre/+)Gclc(f/-)	females	compared	

to	Gclc(f/+)	controls	(Figure	13B).	We	observed	no	significant	genotype-related	differences	

in	other	follicle	classes	(Figure	13A,C,D).	

We	found	no	significant	differences	in	follicle	classes	between	Zp3Cre(-/+)Gclc(f/-)	and	

Gclc(f/+)	wildtype	controls	(Figure	14).	We	also	observed	no	significant	differences	in	the	

number	 of	 oocytes	 superovulated	 at	 PND	 25-28	 in	 Zp3Cre(-/+)Gclc(f/-)	 compared	 to	

Gclc(f/+)	wildtype	controls	(Figure	15).	

Mice	were	 also	 subjected	 to	 vaginal	 cytology	 for	 15-21	 days	 before	 sacrifice,	 and	we	

observed	 no	 significant	 differences	 in	 prevalence	 of	 irregular	 cycling	 in	 all	 subsets	 of	

glutathione	 deficient	 mice	 (Amhr2(Cre/+)Gclc(f/-),	 Zp3Cre(-/+)Gclc(f/-),	 Gclc(f/-))	

compared	to	Gclc(f/+)	wildtype	controls	(Table	1).		

	

DISCUSSION	

Our	 results	 show	 that	 Cre	 recombinase-mediated	 Gclc	 deletion	 under	 control	 of	 the	

Amhr2	promoter	in	female	mice	results	in	decreased	offspring	production	without	affecting	

litter	 production,	 while	 Zp3Cre-mediated	 deletion	 of	 Gclc	 has	 no	 effects	 on	 fertility.	

Unexpectedly,	we	also	observed	increased	numbers	of	antral	follicles	and	corpora	lutea	at	7	

months	 of	 age	 in	 Amhr2(Cre+);Gclc(f/-)	 females,	 while	 observing	 no	 effects	 on	 follicle	

numbers	in	Zp3Cre(+);Gclc(f/-)	females.		

In	the	ovary,	Amhr2-Cre	is	expressed	in	granulosa	cells	and	suggested	to	be	sparsely	in	

theca	 cells	 of	 secondary	 and	 antral	 follicles	 resulting	 in	 granulosa	 and	 theca	 cell	 specific	

subchronic	onset	of	Gclc	deficiency	in	ovarian	follicles.	We	have	verified	Gclc	deficiency	in	
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granulosa	cells	of	pre-ovulatory	follicles	by	qPCR.	We	also	observed	increased	numbers	of	

antral	 follicles	 and	 corpora	 lutea	 at	 seven	months	 of	 age	 (Figure	 13).	 Previous	 work	 in	

other	systems	has	shown	that	GSH	can	suppress	cellular	proliferation	(Cantin,	Larivée,	and	

Bégin	 1990;	 Menon	 and	 Goswami	 2007).	 Moreover,	 work	 in	 other	 systems	 has	 also	

demonstrated	that	acute	oxidative	stress	(Cantin,	Larivée,	and	Bégin	1990)	and	increased	

ROS	can	increase	cellular	proliferation	(Dragin	et	al.	2006).	Consistent	with	this,	Duleba	et.	

al	performed	experiments	using	rat	theca-interstitial	cells	and	demonstrated	antioxidants	

inhibit	 rat	 theca-interstitial	 cell	 proliferation	 dose	 dependently,	 and	 conversely	 low	 to	

moderate	 levels	 of	 oxidative	 stress	 stimulated	 rat	 theca-interstitial	 cell	

proliferation(Duleba	2004).	Based	on	these	 findings,	 it	may	be	reasonable	 to	hypothesize	

that	moderate	oxidative	stress	from	genetic	Gclc	deletion	in	secondary	stage	granulosa	cells	

may	 promote	 granulosa	 cell	 proliferation	 and/or	 theca	 and	 vascular	 endothelial	 cell	

proliferation	attributing	to	increased	antral	follicle	survival.	Increased	ROS	have	also	been	

 
Table	1:	Prevalence	of	irregularly	cycling	 females.	Prevalence	of	 irregularly	cycling	 females	(irregularly	
cycling	 divided	 by	 total	 females)	 for	Amhr2-Cre	 Gclc	 conditional	 knockout	 females	 and	 corresponding	
wildtype	 littermate	 controls,	 Zp3-Cre	 Gclc	 conditional	 knockout	 females	 and	 corresponding	 wildtype	
Gclc(f/+)	controls,	and	global	heterozygous	Gclc	females	compared	to	wildtype	Gclc(f/+)	controls.	
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suggested	 to	 promote	 ovulation	 (Shkolnik,	 Tadmor,	 and	 Ben-Dor	 2011).	 Future	

experiments	 may	 explore	 the	 proliferation	 rate	 of	 granulosa	 and	 theca	 cells	 in	

Amhr2(Cre/+)Gclc(f/-)	and	Gclc(f/+)	mice	by	EdU	incorporation.	

Our	data	also	demonstrate	significantly	reduced	cumulative	number	of	pups	in	Amhr2-

Cre	Gclc	knockout	mice	compared	to	controls	(Figure	12).	This	result	partially	recapitulates	

the	 phenotype	 previously	 observed	 in	 glutathione	 deficient	 global	 Gclm	 -/-	 mice	 (B.	 N.	

Nakamura	 et	 al.	 2011).	 These	 data	 suggest	Amhr2-Cre	 Gclc	 knockout	mice	 have	 reduced	

oocyte	 quality	 and	 fecundity.	 Proper	 formation	 of	 the	 expanded	 cumulus	 matrix	 is	

suggested	 to	 be	 critical	 for	 ovulation.	 In	 some	 cases,	 subsequent	 fertilization	 has	 been	

demonstrated	to	be	impacted	by	perturbations	in	cumulus	matrix	composition	(Russell	and	

Robker	2007;	H.	 Sato	et	 al.	 2001;	Zhuo	et	 al.	 2001;	Varani	 et	 al.	 2002;	Fulop	et	 al.	 2003;	

Salustri	et	al.	2004).	However	we	cannot	exclude	that	expression	of	Amhr2-cre	in	other	cell	

types	 including	the	brain,	pituitary,	uterine	myometrium	and	stroma,	oviduct,	and	vagina	

(Hernandez	 Gifford,	 Hunzicker-Dunn,	 and	 Nilson	 2009;	 Laguë	 et	 al.	 2010;	 Jorgez	 et	 al.	

2004;	Hong	et	al.	2008)	may	also	have	an	impact	on	fertility.	Previous	work	has	suggested	

oviduct	 oxygen	 concentration	 is	 approximately	 one-quarter	 to	 one	 third	 of	 atmospheric	

concentration(Feil	et	al.	2006;	P.	Guérin,	Mouatassim,	and	Ménézo	2001).	Oviductal	fluids	

secreted	from	oviduct	epithelial	cells	are	important	for	oocyte	protection	against	oxidative	

stress	(P.	Guérin,	Mouatassim,	and	Ménézo	2001),	and	deletion	of	Gclc	in	oviduct	epithelial	

cells	may	also	 compromise	oocyte	quality	and	subsequent	 fertility.	 	However,	 countering	

this	 possibility,	 biochemical	 depletion	 of	 GSH	 with	 buthionine	 sulfoximine	 injections	

beginning	at	0.5	dpc	 significantly	decreased	GSH	concentrations	 in	oviductal	 and	uterine	

secretions,	 but	 did	 not	 decrease	 zygote	 GSH	 concentrations	 or	 affect	 embryonic	
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development	at	1.5	or	2.5	dpc	(Salmen	et	al.	2005).	Although	some	might	highlight	reduced	

fecundity	 is	 in	contradiction	with	 increased	numbers	of	antral	 follicles	and	corpora	 lutea	

observed	 in	 the	ovary,	one	should	not	assume	 increased	 follicle	survival	and	ovulation	 is	

coupled	 with	 better	 pregnancy	 outcome.	 “There	 is	 no	 such	 thing	 as	 free	 lunch”	 and	

optimization	 of	 performance	 in	 select	 parameters	 often	 results	 in	 sacrifices	 in	 fitness	 of	

other	parameters	somewhere	else.	It	is	possible	follicles	in	Amhr2-Cre	Gclc	knockout	mice	

have	acquired	 increased	 fitness	 in	 follicle	growth/ovulation	 in	sacrifice	of	oocyte	quality.	

Moreover,	Amhr2-Cre	is	suggested	to	be	expressed	in	multiple	tissues	including	the	oviduct,	

uterine	myometrium,	hypothalamus,	 and	pituitary	 and	we	 cannot	 exclude	 infertility	may	

result	from	lack	of	Gclc	expression	in	these	tissues	at	stages	post-ovulation.	To	determine	

the	precise	mechanism	of	decreased	fertility	in	Amhr2-Cre	Gclc	knockout	mice,	work	should	

additionally	examine	the	histology	of	the	uterine	myometrium	for	to	rule	out	presence	of	

fibroid	formation,	and	compare	hormone	serum	levels	in	stages	post-fertilization.	

Zp3-Cre	 is	 expressed	with	 sub-acute	 onset	 in	 oocytes	 of	 follicles	 in	 the	primary	 stage	

and	onward	(de	Vries	et	al.	2000).	No	significant	differences	in	fecundity	or	follicle	counts	

were	 observed	 in	 Zp3-Cre	Gclc	 knockout	mice	 compared	 to	 controls.	 Previous	work	 has	

suggested	 GSH	 may	 cross	 cellular	 gap	 junctions	 (Kavanagh	 et	 al.	 1994),	 including	 gap	

junctions	between	oocytes	and	granulosa	cells	(Mori,	Amano,	and	Shimizu	2000),	providing	

a	 potential	 compensatory	 mechanism	 for	 Zp3-Cre	 Gclc	 conditional	 oocyte	 glutathione	

deficiency.	 Several	 studies	 have	 also	 implied	 the	possibility	 of	 translational	 regulation	of	

GCLC	 expression	mediated	 by	 stable	mRNAs	 (Mouatassim,	 Guérin,	 and	Ménézo	 1999;	 P.	

Guérin,	Mouatassim,	and	Ménézo	2001;	Nichenametla,	Lazarus,	and	Richie	2011).	Although	

we	have	 confirmed	only	 transmission	of	 the	deleted	Gclc	 allele	 in	offspring	 from	Zp3-Cre	
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Gclc	 knockout	 mice,	 we	 cannot	 eliminate	 the	 possibility	 Gclc	 stable	 mRNAs	 may	 be	

produced	 and	maintained	 in	 the	 oocyte	 cytoplasm	 before	 the	 onset	 of	 Zp3-Cre	 deletion,	

rendering	 the	genetic	deletion	 ineffective.	To	 further	explore	 this	possibility,	preparation	

for	qPCR	quantitation	of	oocyte	Gclc	qPCR	to	quantify	the	levels	of	Gclc	mRNA	in	ovulated	

oocytes	 is	 underway,	 and	 measurements	 of	 oocyte	 GSH	 concentrations	 will	 also	 be	

performed..		

Our	 data	 suggests	 glutathione	 deficiency	 in	 Amhr2-Cre	 expressing	 cells	 results	 in	

fertility	 deficits	 that	 are	 unable	 to	 be	 rescued	 through	 physiological	 compensatory	

mechanisms.	
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Chapter	 4:	 Response	 of	 Primordial	 Follicles	 from	 Glutamate	 Cysteine	

Ligase	 Modifier	 Deficient	 Neonatal	 Ovaries	 to	 Hyperoxic	 Stress	 of	

Culture		

ABSTRACT	

Premature	ovarian	failure	(POF)	is	a	major	cause	of	infertility.	However,	the	causative	

mechanisms	 underlying	 POF	 remain	 poorly	 defined.	 Our	 laboratory	 has	 previously	

demonstrated	 that	Gclm	 -/-	mice,	 genetically	deficient	 in	 the	modifier	 subunit	of	 the	 rate	

limiting	 enzyme	 in	 synthesis	 of	 the	 antioxidant	 glutathione	 (GSH),	 exhibit	 increased	

ovarian	 oxidative	 stress	 and	 accelerated	 ovarian	 aging	 with	 statistically	 significant	

decreases	in	total	primordial	follicles	exhibited	from	three	months	age	onwards	compared	

to	wild	type	mice.	To	test	if	Gclm	deficiency	increases	primordial	follicle	activation	and/or	

primordial	follicle	death	that	may	lead	to	POF,	we	subjected	neonatal	ovaries	to	increased	

oxidative	stress	of	culture.	Postnatal	day	4	ovaries	contain	mainly	primordial	follicles	and	

can	be	cultured	for	up	to	15	days,	during	which	time	some	primordial	follicles	are	recruited	

to	 the	 growing	pool	 and	progress	 to	 the	 secondary	 follicle	 stage	 through	proliferation	of	

companion	 granulosa	 cells.	 This	 in	 vitro	 system	 also	 subjects	 the	 ovaries	 to	 a	 hyperoxic	

environment	 (room	 air,	 21%	 oxygen)	 that	 will	 result	 in	 increased	 formation	 of	 reactive	

oxygen	species.	We	hypothesized	Gclm	 -/-	ovaries	deficient	 in	GSH	would	exhibit	 greater	

sensitivity	 to	 oxidative	 stress	 in	 culture	 compared	 to	 Gclm	 +/+	 littermate	 controls.	

Postnatal	 day	 4	 Gclm	 +/+,	 Gclm	 +/-,	 and	 Gclm	 -/-	 neonatal	 ovaries	 were	 dissected	 and	

immediately	processed	without	culture	or	were	cultured	for	5	days.	Uncultured	postnatal	

day	 4	 ovaries	 fixed	 immediately	 after	 dissection	 showed	 no	 statistically	 significant	

genotype-related	 differences	 in	 follicle	 numbers,	 consistent	 with	 our	 previous	 findings.	
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However,	Gclm	+/-,	and	Gclm	-/-	neonatal	ovaries	cultured	for	5	days	showed	statistically	

significant	 decreases	 in	 the	 percentage	 of	 primordial	 follicles	 (20%	 and	 21%	 decrease	

respectively),	 compared	 to	 5	 day	 cultured	Gclm	+/+	wild	 type	 littermate	 control	 ovaries.	

This	 result	 was	 accompanied	 by	 a	 statistically	 significant	 increase	 in	 the	 percentage	 of	

activated	transitional	follicles	in	Gclm	+/-,	and	Gclm	-/-	5	day	cultured	ovaries	compared	to	

Gclm	+/+	 littermate	 controls,	 suggesting	 the	decrease	 in	primordial	 follicle	numbers	may	

likely	 be	 attributed	 to	 primordial	 follicle	 hyperactivation.	 To	 test	 for	 reproducibility	 and	

phenotypic	rescue	with	5mM	glutathione	ethyl	ester	(GEE),	replicate	culture	experiments	

with	 an	 added	 GEE	 rescue	 group	were	 performed.	 Control	 and	 experimental	 population	

distributions	 for	 these	 experiments	 display	 a	much	 larger	 standard	deviation	doubled	 in	

size	compared	to	the	 first	study.	Consequently,	our	current	analysis	with	existing	N	 lacks	

the	 required	 statistical	 power	 for	 resolution	 between	 means	 and	 our	 results	 remain	

inconclusive.	

	

INTRODUCTION	

Ovarian	 follicle	 depletion	marks	 the	onset	 of	menopause,	which	occurs	 at	 age	50	±	4	

years	(van	Noord	et	al.	1997).	However,	premature	ovarian	failure	(POF),	which	is	defined	

as	 cessation	 of	 ovarian	 function	 before	 the	 age	 of	 40,	 occurs	 in	 one	 percent	 of	 all	

women(Pal	and	Santoro	2002).	The	socioeconomic	transition	of	women	from	the	home	to	

the	 workforce	 has	 encouraged	 more	 women	 to	 postpone	 childbearing,	 creating	 greater	

clinical	concern	for	POF.	

Oxidative	 stress	 and	decreased	 antioxidant	 capacity	 is	 associated	with	 aging.	 Cellular	

redox	homeostasis	 is	 critical	 for	normal	 cell	 signaling	and	 function	 (Suzuki,	 Forman,	 and	
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Sevanian	1997;	Thannickal	and	Fanburg	2000;	Torres	and	Forman	2003;	Kregel	and	Zhang	

2007).	 Prolonged	 perturbation	 of	 cellular	 redox	 state	 from	 compromised	 antioxidant	

capacity	 can	 result	 in	 altered	 cellular	 signaling	 and	 gene	 expression	 (Dröge	 2002).	

Progressive	 and	 irreversible	 accumulation	 of	 oxidative	 damage	 caused	 by	 this	 shift	 in	

cellular	 redox	 state	 is	 what	 is	 presumed	 to	 lead	 to	 the	 impaired	 physiological	 function	

associated	with	aging	(Kregel	and	Zhang	2007;	Dröge	2002;	Ames,	Shigenaga,	and	Hagen	

1993;	 J.	 Lim	 and	 Luderer	 2011).	 One	 of	 the	 primary	 cellular	 defense	 systems	 against	

oxidative	 stress	 is	mediated	by	 the	antioxidant	glutathione	 (GSH)	 (Day	and	Suzuki	2005;	

Pompella	et	al.	2003;	Devine	et	al.	2002).	GSH	synthesis	occurs	in	a	two-step	reaction.	The	

first	and	rate	limiting	reaction	is	catalyzed	by	the	enzyme	Glutamate	Cysteine	Ligase	(GCL.	

GCL	 is	 a	heterodimer	 that	 consists	 of	 two	 subunits	 –	 the	 catalytic	 subunit	GCLC,	 and	 the	

modifier	 subunit	 GCLM.	 The	 catalytic	 subunit	 is	 the	 essential	 component	 of	 GCL,	 which	

catalyzes	 the	 formation	 of	 the	 glutathione	 intermediate	 gamma	 glutamylcysteine.	 The	

modifier	subunit	GCLM	when	bound	to	GCLC,	acts	to	lower	the	Km	of	GCL	to	glutamate	and	

ATP	which	are	required	for	gamma-glutamyl	cysteine	synthesis,	making	the	reaction	more	

efficient.	 Knockout	 of	 Gclm	 in	 mice	 results	 in	 greatly	 reduced	 levels	 of	 glutathione	

production,	down	to	less	than	20%(J.	Lim	et	al.	2015).	

Gclm	 knockout	 mice	 exhibit	 increased	 ovarian	 oxidative	 stress	 and	 accelerated	 age	

related	follicular	decline.	Two	and	six	month	old	Gclm	-/-	mouse	ovaries	have	a	decreased	

ratio	 of	 reduced	 to	 oxidized	 glutathione	 compared	 to	Gclm+/+	 ovaries	 Lim	 et	 al,	 2015).	

Moreover,	 Gclm	 -/-	 mice	 show	 similar	 numbers	 of	 oocytes	 and	 ovarian	 follicles	 at	

birth/weaning	 compared	 to	 Gclm	 +/+	 wild	 type	 counterparts,	 but	 exhibit	 statistically	

significant	 reduced	 follicle	numbers	at	age	3	months	and	older(J.	Lim	et	al.	2015).	Taken	
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together,	 these	data	suggest	GSH	deficiency	may	promote	accelerated	age	related	ovarian	

follicle	depletion.	

To	test	 if	Gclm	deficiency	increases	primordial	follicle	death	and/or	primordial	follicle	

activation	that	may	contribute	to	accelerated	follicle	decline,	we	utilized	a	neonatal	ovary	

culture	 system.	 Postnatal	 day	 4	 ovaries	 contain	 mainly	 primordial	 follicles	 and	 can	 be	

cultured	for	up	to	15	days,	during	which	time	some	primordial	follicles	are	recruited	to	the	

growing	pool	and	progress	to	the	secondary	follicle	stage.	This	in	vitro	system	also	subjects	

the	ovaries	to	a	hyperoxic	environment	(room	air,	21%	oxygen)	that	will	result	in	greater	

formation	of	 reactive	oxygen	species	 (Halliwell,	2003).	We	hypothesized	Gclm	 -/-	ovaries	

deficient	in	GSH	would	exhibit	greater	sensitivity	to	oxidative	stress	in	culture	compared	to	

Gclm	+/+	littermate	controls.	

	

MATERIALS	AND	METHODS	

Animals	

Gclm	-/-	mice	were	generated	by	disrupting	the	Gclm	gene	by	replacing	exon	1	with	a	

βgalactosidase/neomycin	 phosphotransferase	 fusion	 gene	 and	 were	 backcrossed	 onto	 a	

C57BL/6J	genetic	background(J.	Lim	et	al.	2015;	McConnachie	et	al.	2007).	Male	and	female	

Gclm	+/-	mice	were	continually	mated	and	checked	 for	birth	daily.	The	day	of	 litter	birth	

was	designated	as	postnatal	day	1	(PND	1)	(Pepling	et	al.	2010).	On	the	morning	of	PND	4,	

female	pups	were	euthanized	and	ovaries	dissected	and	subsequently	immersed	in	Bouin’s	

fixative	or	cultured.	
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Dissection,	Neonatal	Ovary	Culture,	and	Tissue	Processing	

All	 animal	 dissections	 and	 experimental	 processing	 were	 done	 blind	 to	 genotype.	

Genotyping	was	outsourced	 to	Transnetyx.	PND4	neonatal	 females	were	anesthetized	on	

ice	 for	approximately	5	minutes	before	decapitation,	 removal	of	ovaries,	 and	 subsequent	

removal	 of	 bursa	 from	 the	 ovary	 in	 ice	 cold	 HBSS	 without	 calcium	 and	 magnesium	

(Invitrogen	 14175-095)	 using	 fine	 forceps(Chen,	 Breen,	 and	 Pepling	 2009;	 Jones	 and	

Pepling	2013;	Devine,	Hoyer,	and	Keating	2009).	Following	dissection,	ovaries	were	either	

immediately	 fixed	or	placed	 in	culture	 for	5	days	with	or	without	GEE.	All	neonatal	mice	

irrespective	of	genotype	were	observed	 to	consistently	display	one	ovary	 larger	 than	 the	

other.	For	the	first	study,	the	smaller	ovary	was	consistently	designated	to	the	uncultured	

group	and	the	larger	ovary	was	consistently	designated	for	5	day	culture	blind	to	genotype.	

This	 biased	 the	 results	 of	 the	 experiment,	 as	 could	 be	 observed	 by	 an	 apparent	 large	

increase	 in	 total	 germ	 cell/follicle	 numbers	 in	 wild	 type	 ovaries	 cultured	 for	 5	 days	

compared	 to	 uncultured	 wild	 type	 ovaries.	 Therefore,	 for	 the	 subsequent	 rescue	

experiments,	the	ovaries	from	each	animal	were	randomized	to	different	treatment	groups.		

Cultured	 ovaries	 were	 placed	 in	 a	 drop	 of	 culture	 media	 on	 a	 floating	 membrane	

(Millipore	 PICM0RG50)	 inside	 a	 24	well	 plate	 filled	 with	 1mL	media	 per	 well.	 Neonatal	

ovary	 media	 consisted	 of	 290μM	 ascorbic	 acid	 (Sigma	 A4403-100MG)	 0.1%	 AlbuMAX	

(Invitrogen,	11020-021),	0.1%	bovine	serum	albumin	(BSA),	5X	ITS-X	(Invitrogen,	51500-

056),	 and	 1X	 penicillin	 streptomycin	 in	 DMEM/F12	media	 with	 phenol	 red	 (Invitrogen,	

11320-033)	supplemented	with	or	without	glutathione	ethyl	ester,	a	cell	permeable	form	of	

GSH	(PURI	and	Meister	1983)	(Sigma	G1404-25MG).	Uncultured	and	cultured	ovaries	were	

fixed	 in	 Bouin’s	 fixative	 overnight	 at	 4°C,	 and	 washed	 with	 50%	 ethanol	 three	 times,	
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followed	by	a	70%	ethanol	wash	and	stored	in	70%	ethanol.	Media	was	changed	everyday	

for	 the	 first	 study	 according	 to	Melissa	 Pepling’s	 protocol(Jones	 and	 Pepling	 2013),	 and	

every	 other	 day	 for	 the	 second	 replicate/rescue	 study	 according	 to	 Patrick	 Devine’s	

protocol	 (Devine,	Hoyer,	 and	Keating	2009).	5mM	GEE	has	been	demonstrated	 to	 rescue	

granulosa	cell	apoptosis	 in	rat	antral	 follicles	cultured	with	buthionine	sulfoximine	(Tsai-

Turton	and	Luderer	2006).	

	

Histological	Processing,	Sectioning,	and	Quantitation	Method	Per	Follicle	Class	

Ovaries	 were	 embedded	 in	 paraffin	 and	 serially	 sectioned	 	 at	 5μm	 thick	 by	 the	 UCI	

Department	of	Pathology,	Pathology	Services	Core.		

Slides	 were	 stained	 with	 Gill	 3	 Hematoxylin	 (Richard-Allan	 Scientific)	 and	 Eosin	 Y	

(Sigma).		

Follicle	 counts	 were	 performed	 blind	 to	 genotype.	 The	 total	 numbers	 of	 primordial,	

primary	 and	 secondary	 follicles	 with	 a	 visible	 nucleolus	 in	 	 were	 counted	 in	 	 every	 5th	

section	 through	 the	 ovary.	 Follicle	 class	 was	 designated	 according	 the	 following	 rubric:	

primordial	 follicles	 were	 defined	 as	 having	 exclusively	 flat	 granulosa	 cells,	 transitional	

follicles	 as	having	 a	 combination	of	 flat	 and	 cuboidal	 granulosa	 cells,	 primary	 follicles	 as	

having	10	or	more	exclusively	cuboidal	granulosa	cells	in	a	single	cross-	section,	secondary	

follicles	 as	 having	 more	 than	 one	 layer	 of	 granulosa	 cells	 (Lopez	 and	 Luderer	 2004;	

Pedersen	and	Peters	1968).		

Following	 staining,	 we	 observed	 an	 unequal	 number	 of	 sections	 obtained	 from	 each	

ovary	 during	 the	 first	 study.	 Neonatal	 ovaries	 are	 small	 (≤500μm	 diameter)	 and	 the	
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Histology	 Services	 Core	 technician	 informed	 us	 that	 he	 had	 difficulty	 visualizing	 the	

neonatal	ovary	and	expressed	he	had	not	sectioned	anything	as	small	as	our	tissue	before.	

	Inspection	 after	 staining	 revealed	multiple	 ovaries	 began	with	 a	 large	middle	 cross-

section	in	contrast	to	other	ovaries	starting	with	a	small	edge	cross-section	suggesting	the	

collection	 starting	 point	 for	 multiple	 ovaries	 had	 been	 missed.	 Statistical	 analysis	

comparing	 the	 number	 of	 sections	

counted	 per	 ovary	 for	 each	

genotype/treatment	 group	 revealed	

5	day	cultured	Gclm	-/+	and	Gclm	-/-	

had	 significantly	 fewer	 sections	

compared	 to	 5	 day	 cultured	 Gclm	

+/+	ovaries	(5	Day	culture	P	≤	0.017	

Kruskal	 Wallis,	 Mann-Whitney	 U	

post-hoc	P	≤	0.03)	 (Figure	17).	Five	

day	cultured	Gclm	+/+	 ovaries	were	

the	 last	 collected	 and	 sectioned	 at	

the	 end	 of	 the	 study.	 It	 is	 possible	

increased	 handling	 experience	 may	

have	 contributed	 to	 the	 increased	

number	 of	 sections	 obtained	 in	 this	

genotype	treatment	group.	The	data	

were	 also	 expressed	 as	 percentages	

(number	 of	 germ	 cells/follicles	 in	

 

 
Figure	17.	(Top)	Average	total	number	of	sections	counted	
per	ovary	for	first	study.	Multiple	ovaries	started	the	series	
as	 a	 large	 cross-section	 suggesting	 the	 tissue	 starting	
collection	point	had	been	missed	by	UCI	histocore	services.	
We	 observed	 significantly	 more	 sections	 collected	 and	
counted	from	Gclm	+/+	ovaries	compared	with	Gclm	-/+	and	
Gclm	 -/-	 5	 Day	 cultured	 ovaries(5	 Day	 culture	 P	 ≤	 0.017,	
Kruskal	 Wallis	 with	 Mann-Whitney	 U	 post-hoc	 P	 ≤	 0.03).	
Follicle	 counts	 were	 thereby	 normalized	 to	 the	 total	
number	 of	 follicles	 counted	 per	 ovary	 as	 a	 precaution	 to	
compensate	for	ovaries	with	missing	sections.		
(Bottom)	 Average	 total	 number	 of	 sections	 counted	 per	
ovary	for	second	study.	
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each	class	divided	by	the	total	number	of	germ	cells/follicles	per	ovary	x	100).	The	number	

of	follicles	quantified	per	class	was	also	normalized	by	dividing	the	total	number	of	follicles	

by	 total	 sections	 obtained	 per	 ovary	 (data	 not	 shown).	We	 chose	 not	 to	 use	 this	metric	

because	the	section	number	may	have	been	 impacted	by	unequal	number	of	sections	per	

ovary	obtained	by	the	histocore.	Additionally,	the	number	of	sections	obtained	per	ovary	is	

determined	 and	 applied	 externally	 by	 the	 experimenter	 and	 does	 not	 have	 biologically	

relevant	correlations	to	the	dependent	variable.	

The	 follow	 up	 rescue	 experiment	 showed	 no	 statistically	 significant	 differences	 in	 the	

number	 of	 sections	 acquired	 per	 genotype/treatment	 group	 and	 was	 analyzed	 by	

percentage	for	consistency	of	comparison	with	the	first	study.	

	

Statistics	

Testing	for	normality	of	distribution	within	genotype/treatment	groups	was	done	using	

the	 “summarize,	 detail”	 command	 in	 STATA.	 The	 genotype/treatment	 group	 distribution	

was	 considered	 normal	 if	 skewness	 value	 was	 within	 the	 range	 of	 -1	 to	 +1.	 Data	 was	

additionally	tested	for	normality	using	the	Shapiro	Wilk	test	using	the	“swtest”	command	in	

Matlab.	 Shapiro	Wilk	 test	 results	 obtained	 in	 Matlab	 were	 in	 agreement	 with	 skewness	

values	obtained	in	STATA.	

Continuous	 data,	 normally	 distributed	 data	 were	 analyzed	 by	 Analysis	 of	 Variance	

(ANOVA)	with	genotype	and	treatment	groups	as	 independent	variables.	 	Data	expressed	

as	 percentages	 were	 arcsine	 square	 root	 transformed	 	 using	 the	 following	 formula	 in	

Microsoft	Excel:	ARCSIN(SQRT(%/100))	to	approximate	a	normal	distribution	(Pasternack	

and	 Shore	 1982).	 One-way	 anova	 was	 performed	 using	 the	 “anova1”	 command	 with	
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“multcompare”	command	using	Bonferroni,	Tukey	and	Least	Significant	Differences	post-

hoc	analysis	output	in	Matlab.		

If	 skewness	 was	 more	 or	 less	 than	 range	 of	 -1	 to	 +1	 for	 at	 least	 one	 of	 the	

genotype/treatment	 groups	 compared	within	 the	dataset,	 non-parametric	Kruskal	Wallis	

comparison	 of	 means.	 Kruskal	Wallis	 non-parametric	 analysis	 was	 performed	 using	 the	

“kruskalwallis”	 command	 with	 “multcompare”	 command	 using	 Dunn-Sidak,	 Bonferroni,	

and	Scheffe	post-hoc	analysis	output	in	Matlab.	

	

RESULTS	

Analyses	of	 the	 independent	and	 interaction	effects	of	 culture	and	Gclm	genotype	on	

follicle	counts	and	follicle	percentages	in	neonatal	ovaries	

Postnatal	day	4	Gclm	+/+,	Gclm	+/-,	 and	Gclm	-/-	neonatal	ovaries	were	dissected	and	

immediately	 processed	 without	 culture	 or	 were	 cultured	 for	 5	 days	 and	 subsequently	

quantified	 for	 the	 numbers	 of	 primordial,	 transitional,	 primary,	 and	 secondary	 follicles	

(N=5-6	per	genotype).	Data	are	displayed	as	 the	percentage	per	 follicle	stage	out	of	 total	

follicles	 to	normalize	 for	significantly	different	 total	sections	acquired	per	ovary	between	

genotype/treatment	 groups	 (see	 Methods	 Selection	 of	 Quantitation	 Method	 Per	 Follicle	

Class).	

Uncultured	 postnatal	 day	 4	 ovaries	 fixed	 immediately	 after	 dissection	 showed	 no	

statistically	 significant	 genotype-related	 differences	 in	 the	 percentages	 of	 primordial	 or	

transitional	 follicles	 present	 per	 ovary	 consistent	 with	 our	 previous	 findings.	 However,	

Gclm	+/-,	and	Gclm	-/-	neonatal	ovaries	cultured	for	5	days	displayed	statistically	significant	

decrease	 in	 the	percentage	of	primordial	 follicles	per	ovary,	 compared	 to	5	day	 cultured	
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Figure	 18.	5	Day	 Cultured	Gclm	 -/+	 and	Gclm	 -/-	neonatal	ovaries	 show	a	significant	 decrease	 in	
primordial	follicles	and	significant	increase	in	transitional	follicles	compared	to	Gclm	+/+	controls.	
A)	Uncultured	ovaries	show	no	statistically	significant	Gclm	genotype-related	difference	in	percentage	of	
healthy	primordial	 follicles.	5	day	 cultured	Gclm	-/+	 and	Gclm	-/-	 ovaries	 show	a	 statistically	 significant	
decrease	in	percentage	of	healthy	primordial	follicles	compared	to	Gclm	+/+	controls,	N	=	5-6	animals	per	
genotype.*	statistical	significance	by	One	Way	Anova	on	arcsine	square	root	transformed	data	P	≤	0.030	
LSD.	B)	Uncultured	ovaries	show	no	statistically	significant	difference	in	percentage	of	healthy	transitional	
follicles.	5	day	cultured	Gclm	-/+	and	Gclm	-/-	ovaries	show	a	statistically	significant	increase	in	percentage	
of	healthy	transitional	 follicles	compared	to	Gclm	+/+	controls,	N	=	5-6	animals	per	genotype.*	statistical	
significance	by	One	Way	Anova	P	≤	0.033	LSD.	C)	Percentage	quantitation	of	PCNA	positively	stained	small	
follicles	out	of	total	follicles.	PCNA	positive	primordial	 follicles	out	of	 total	primordial	 follicles	and	PCNA	
positive	 primordial	 +	 transitional	 follicles	 out	 of	 total	 primordial	 +	 transitional	 follicles	 show	 no	
significant	differences	between	groups.	
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Gclm	+/+	wild	type	littermate	control	ovaries	(Figure	18	A,E).	We	also	detected	statistically	

significant	increases	in	5	day	cultured	Gclm	+/-,	and	Gclm	-/-	transitional	follicles	compared	

to	Gclm	+/+	wild	type	controls	by	H&E	morphology	(Figure	18	B,E).		

Taken	 together,	 these	 preliminary	 data	 suggest	 that	 the	 decreased	 percentages	 of	

primordial	 follicles	 in	5	day	cultured	Gclm	-/-	and	Gclm	-/+	neonatal	ovaries	compared	to	

Gclm	 +/+	 ovaries	 is	 largely	 due	 to	 increased	 activation	 of	 primordial	 follicles	 into	 the	

growing	pool.	

		

 
 
Figure 19. 5 Day cultured neonatal ovaries show no significant difference in primordial or total follicle 
atresia. 5 Day cultured neonatal ovaries show no significant difference in A) primordial or B) total follicle 
atresia. However, significant decrease in uncultured postnantal day 4 Gclm -/- primordial follicle atresia 
compared with Gclm -/+ ovaries is observed (A).  
 



92	
	

 
 
Figure 20. Replicate rescue cultures do not repeat previous results of decreased primordial follicles and 
increased transitional follicles with culture. A) Percentage of healthy primordial follicles out of total follicles 
observed for uncultured, 5 day cultured, and GEE supplemented ovaries. *Statistic Gclm -/- ovaries cultured 
with GEE display significantly lower percentage of primordial follicles compared to Gclm +/+ and Gclm -/+. 
B) No significant differences in percentage of healthy transitional follicles observed across genotypes within 
treatment groups or within genotypes across treatment groups 
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Gclm	-/+	and	Gclm	-/-	neonatal	ovaries	display	no	significant	difference	in	percentage	

of	atretic	follicles	compared	to	Gclm	+/+		

No	statistically	significant	differences	in	the	percentage	of	atretic	primordial	follicles	or	

total	 atretic	 follicles	 were	 detected	 in	 uncultured	 or	 5	 day	 cultured	 ovaries	 using	 the	

appropriate	statistical	test	for	analysis	(Figure	19).	

	

Replicate	rescue	experiments	display	a	higher	standard	deviation	that	requires	more	

ovaries	for	sufficient	statistical	power		

To	 test	 for	 reproducibility	 and	 phenotypic	 rescue	 with	 5mM	 GEE,	 replicate	 culture	

experiments	with	an	added	GEE	rescue	group	were	performed.	Surprisingly,	in	contrast	to	

the	 data	 in	 Figure	 18,	 results	 from	 these	 replicate	 culture	 rescue	 experiments	 show	 no	

statistically	 significant	 Gclm	 genotype	 related	 differences	 in	 percentages	 of	 primordial,	

transitional,	 or	 atretic	 follicles	 in	uncultured	or	5	day	 cultured	 treatment	 groups	 (Figure	

20).	 However,	 we	 did	 observe	 Gclm	 -/-	 ovaries	 cultured	 for	 5	 days	 with	 GEE	 had	

significantly	 decreased	 percentage	 of	 primordial	 follicles	 and	 significantly	 increased	

percentage	 of	 transitional+primary	 follicles	 compared	 with	 GEE	 Gclm	 +/+	 and	 Gclm	 -/+	

ovaries.	

Standard	 deviations	 of	 genotype/treatment	 groups	 in	 the	 replicate	 rescue	 study	 are	

twice	 as	 large	 compared	 to	 the	 first	 study.	 Power	 analysis	 using	 standard	 deviations	

acquired	 from	 these	 replicate	 culture	 rescue	 experiments	 demonstrate	 we	 do	 not	 have	

sufficient	statistical	power	to	resolve	differences	between	means	with	our	current	collected	

N	 =	 4-6.	 Statistical	 power	 analysis	 reveals	 approximately	 18-24	 animals	 per	 genotype	
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Figure	 21.	 Larger	 variability	observed	 in	 replicate	 rescue	 study	 compared	with	 initial	 study.	 A)	List	 of	
standard	deviations	from	primordial	and	transitional	follicle	percentages	across	genotypes.	B)	Required	N	
for	 80%	 statistical	 power	 calculated	 from	 ARCSINSQRT	 standard	 deviations	 from	 initial	 study	
(GCLMPRIM-1)	and	replicate	rescue	study	(GCLMPRIMGEE-2).	C)	Total	ovary	follicle	counts	plotted	within	
each	 treatment	 group	 for	 initial	 study	GCLMPRIM-1.	 D)	 Total	 ovary	 follicle	 counts	 plotted	 within	 each	
treatment	group	for	replicate	rescue	study	GCLMPRIMGEE-2	
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Figure	22.	Diagram	of	smaller	and	larger	ovary	delegation	for	study	1	(top	left)	and	study	2	(top	right).	
Study	1	has	systematic	bias	but	lower	variability	and	replicate/rescue	study	2	is	random	but	has	high	
variability.	(Bottom)	Alternate	statistical	design	proposing	the	use	of	one	animal	as	a	single	N	rather	
than	the	ovary	to	obtain	better	control	and	characterization	of	confounding	variables.	
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Table	2.	Average	follicle	counts	obtained	per	genotype-treatment	group	for	Study	1	and	replicate/rescue	
study	2.	Standard	deviation	is	noted	below	each	average	value	denoted	as	“±”	in	red.	



97	
	

treatment	 group	 are	 required	 to	 be	 collected	 for	 sufficient	 power	 to	 resolve	 between	

means.	

Additionally,	we	observed	a	higher	contribution	of	naked	follicles	in	these	replicate	

culture	rescue	experiments	compared	to	the	previous	culture	experiments.	

	

DISCUSSION	

Taken	 together,	 our	 results	 demonstrate	 a	 potential	 trend	 of	 increased	 primordial	

follicle	activation	in		Gclm	-/-	and	Gclm	-/+		compared	with	Gclm	+/+	controls	in	response	to	

the	hyperoxic	oxidative	stress	of	culture.	While	these	results	are	 intriguing,	 the	results	of	

our	initial	study	must	be	replicated	for	validity	to	ensure	that	our	observed	outcomes	are	

not	a	result	of	chance	and	false	positive	type	II	statistical	error.		

Comparison	 of	 P-values	 from	 multiple	 post-hoc	 analysis	 and	 discordance	 among	

different	post-hoc	analysis	may	speak	to	the	robustness	of	a	particular	statistical	outcome.	

Significant	differences	between	primordial	and	transitional	follicle	percentage	from	5	day	

cultured	Gclm	+/+	and	Gclm	-/+	ovaries	is	less	robust	and	is	only	significant	when	subjected	

to	Least	Significant	Difference	(LSD)	post-hoc	analysis	and	not	when	subjected	to	Tukey	or	

Bonferroni	 (Figure	 18	 E).	 Likewise,	 significant	 differences	 between	 primordial	 follicle	

percentage	 from	 5	 day	 cultured	 Gclm	 +/+	 and	 Gclm	 -/-	 neonatal	 ovaries	 only	 display	

statistical	 significance	when	 subjected	 to	LSD	and	Tukey	post-hoc	 analysis,	 but	not	when	

subjected	to	Bonferroni.	Taken	together,	discordance	of	post-hoc	analyses	for	Gclm	+/+	vs	

Gclm	-/+	and	Gclm	+/+	vs	Gclm	-/-	5	day	cultured	means	further	support	differences	found	

between	these	groups	must	be	repeated	to	determine	validity	and	precaution	against	type	

II	statistical	error.	Significant	increase	in	transitional	follicle	percentage	in	Gclm	-/-		ovaries	
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compared	with	Gclm	+/+	is	very	robust	displaying	significance	across	all	post-hoc	analyses	

applied	 for	 transitional	 follicle	 percentage	 (Figure	 18E).	 While	 these	 results	 are	

encouraging,	 replicate	 experiments	 must	 still	 be	 pursued	 to	 completely	 rule	 out	 type	 II	

statistical	error.	

Due	 to	 improper	 design	 of	 the	 initial	 experiment	 and	 insufficient	 statistical	 power	 in	

both	 experiments	 for	 follicle	 count	 data,	 our	 initial	 findings	 based	 entirely	 on	 follicle	

percentages	 remain	 invalidated	 and	 inconclusive.	 Gclm	 +/+	 follicle	 percentage	 standard	

deviations	 are	 double	 in	 size	 in	 the	 second	 compared	 to	 the	 first	 study.	 Increased	

variability	in	the	second	study	may	have	arisen	for	multiple	reasons.	Ovarian	follicle	counts	

have	 high	 variability	 even	 within	 studies,	 and	 power	 analyses	 must	 take	 this	 inherent	

variability	into	account.	The	standard	deviation	for	primordial	follicle	numbers	in	the	two	

studies	presented	herein	were	462	and	566.	Multiple	laboratories	have	also	reported	large	

differences	in	germ	cell	numbers	in	mice	of	the	same	strain	and	age	between	studies	(Tilly	

2003).	 Pepling	 et.	 al	 estimated	 CD-1	 PND4	 female	 mice	 possess	 approximately	 2400	

oocytes	(Pepling	and	Spradling	2001),	while	in	another	study	Canning	et.	al	reported	PND4	

female	mice	to	possess	5000	+/-	1000	oocytes	(Canning,	Takai,	and	Tilly	2003).	Differences	

in	 how	 follicle	 counts	 are	 performed	 are	 known	 to	 account	 for	 a	 large	 portion	 of	 the	

variability	 among	 studies	 (Myers	 et	 al.	 2004).	 Additionally,	 total	 follicle	 counts	 are	 not	

identical	 between	 left	 and	 right	 ovaries	 from	 the	 same	 animal,	 although	 there	 does	 not	

seem	to	be	a	systematic	"sidedness"	for	the	larger	versus	smaller	ovary	(Malki,	Tharp,	and	

Bortvin	2015).	

While	 many	 laboratories	 routinely	 use	 neonatal	 ovary	 culture	 to	 demonstrate	 the	

impact	 of	 toxicants	 on	 primordial	 follicle	 counts,	 these	 studies	 involve	 treatment	 with	
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concentrations	of	 toxicants	 that	elicit	 large	effect	sizes	 (Devine	et	al.	2002;	Madden	et	al.	

2014;	Keating,	Sipes,	and	Hoyer	2008).	We	would	not	anticipate	such	large	effect	sizes	for	

effect	 of	 culture	 alone	 even	 in	 ovaries	 from	a	 potentially	more	 sensitive	 genotype.	 Small	

effect	sizes	combined	with	small	group	sizes	and	inherent	high	follicle	count	variability	are	

likely	to	have	resulted	in	a	false	negative	type	I	statistical	error	in	our	study.		

Future	 recommendations	 for	 these	 studies	 include	 controlling	 for	 confounding	

variables	that	may	impact	follicle	counts.	It	is	possible	total	germ	cells	per	animal	may	be	

regulated	 more	 than	 total	 germ	 cells	 per	 ovary.	 Multiple	 members	 in	 our	 laboratory	

including	myself	have	observed	discrepancies	in	size	between	the	two	ovaries	per	animal	

where	 one	 ovary	 tends	 to	 be	 larger	 than	 the	 other.	 These	 differences	 may	 translate	 to	

variability	in	ovary	counts	from	the	same	animal.		We	also	cannot	eliminate	the	possibility	

that	 follicle	 number	may	 regulate	 follicle	 response	 such	 that	 two	 ovaries	 from	 the	 same	

animal	with	different	follicle	numbers	might	exhibit	different	trends.		

An	 alternate	 statistical	 design	 to	 that	 used	 for	 the	 two	 experiments	 described	 in	 this	

chapter	would	be	to	subject	the	two	ovaries	per	animal	to	the	same	treatment,	counting	the	

animal	instead	of	the	ovary	as	the	independent	observation	(Figure	22).	This	would	allow	

one	to	calculate	the	effect	of	culture	on	the	total	number	of	germ	cells	per	animal,	cluster	

comparison	of	 larger	ovaries	with	 each	other	 across	 genotypes	 and	 smaller	 ovaries	with	

each	other	across	genotypes,	or	randomize	the	larger	and	smaller	ovaries	post	analysis	to	

methods	 in	 the	 current	 replicate	 rescue	 study.	 Proceeding	 with	 this	 experimental	 plan	

would	allow	for	optimal	control	over	confounding	variables	that	may	impact	follicle	counts	

and	 answer	 questions	 about	 potential	 differences	 in	 large	 ovary	 vs.	 small	 ovary	 follicle	

responses	from	the	same	animal	if	they	exist.	 	
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Chapter	5:	Summary	and	Conclusions	

	

Redox	state	and	its	impact	on	ovarian	function	and	fertility		

Our	phasor	FLIM	characterization	of	free/bound	NADH	suggest	redox	state	is	spatially	

dynamic	 during	 folliculogenesis	 and	 is	 in	 part	 controlled	 by	 metabolism.	 Our	 studies	

examining	fecundity	in	Amhr2-Cre	Gclc	conditional	knockout	mice	suggest	maintenance	of	

redox	 state	 is	 important	 for	 fertility,	 where	 perturbations	 in	 redox	 state	 caused	 by	

debilitated	antioxidant	defenses	results	 in	decreased	 fecundity	 that	cannot	be	rescued	by	

physiological	compensatory	mechanisms.	Our	observation	of	increased	antral	follicles	and	

corpora	lutea	in	7	month	old	Amhr2-Cre	Gclc	conditional	knockout	mice	also	suggest	sub-

chronic	deletion	of	Gclc,	unique	to	the	onset	of	Amhr2-Cre	Gclc	conditional	deletion	in	the	

secondary	 stage	 granulosa	 and	 theca	 cells	 confers	 increased	 antral	 follicle	 survival	 and	

ovulation	 efficiency.	 Future	 directions	 should	 examine	 the	 possibility	 of	 upregulated	

compensatory	 mechanisms	 in	 these	 follicles,	 including	 characterization	 of	 free/bound	

NADH	 using	 phasor	 FLIM.	 It	 is	 reasonable	 to	 hypothesize	 glycolysis/Krebs	 might	 be	

upregulated	 in	 these	 follicles	 as	 a	 compensatory	 mechanism	 to	 increase	 free	 NADH	

antioxidant	production	and	availability.		

Taken	 together	our	data	add	 to	 the	preliminary	evidence	elaborating	a	 role	 for	 redox	

regulation	 of	 fertility.	 Our	 characterization	 of	 the	 effect	 of	 oxidative	 stress	 on	 the	

primordial	follicle	pool	of	Gclm	-/+	and	Gclm	-/-	mice	are	largely	inconclusive	due	to	lack	of	

statistical	 power.	 However,	 these	 studies	 still	 attempt	 to	 address	 an	 important	 question	

and	continues	to	merit	further	investigation	for	future	studies.	
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Hypothesis	of	coupled	regulation	of	metabolism	and	NADH/NAD+	redox	status	

Our	 experiments	 also	 demonstrate	 that	 metabolic	 perturbations	 of	 whole	 cultured	

neonatal	 ovaries	 with	 2-deoxyglucose,	 sodium	 dichloroacetate,	 and	 potassium	 cyanide	

result	 in	significant	changes	 in	 free/bound	NADH	in	both	oocyte	cytoplasmic	and	nuclear	

compartments.	Glycolysis/Krebs	and	oxidative	phosphorylation	reactions	occur	only	in	the	

cytoplasm.	 Thus,	 we	 interpret	 our	 results	 to	 demonstrate	 that	 glycolysis/Krebs	 and	

 
Figure	 23.	 Comparison	 of	 Phasor	 FLIM	 interpretation	 of	 glycolysis/Krebs	 levels	 (top)	 with	 in	 situ	
hybridizations	done	by	Sugiura	et	al.	(Sugiura,	Pendola,	and	Eppig	2005)	of	key	glycolysis	genes	(bottom).	
Areas	of	high	glycolysis/Krebs	 in	the	phasor	 images	are	represented	by	more	free	NADH	color	coded	as	
red	(top).	Areas	of	positive	staining	in	brightfield	images	are	brown,	areas	of	positive	staining	in	darkfield	
images	are	bright	blue	(bottom).	
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oxidative	phosphorylation	can	significantly	modulate	total	levels	of	NADH	in	the	cell.	These	

findings	 are	 consistent	 with	 previously	 published	 work	 where	 both	 cytoplasmic	 and	

nuclear	cell	compartments	exhibit	shifts	 in	 free-to-bound	NADH	in	response	to	metabolic	

inhibitors	(Stringari,	Edwards,	et	al.	2012;	Pate	et	al.	2014).		

The	 observation	 that	 metabolism	 contributes	 a	 significant	 portion	 of	 total	 cellular	

NADH	 antioxidant(Kirsch	 and	 De	 Groot	 2001;	 Olek	 et	 al.	 2004)	 supports	 an	 intriguing	

hypothesis	wherein	biological	systems	might	couple	metabolic	regulation	with	redox	status	

regulation.	 Developmental	 systems	 may	 use	 metabolism	 to	 regulate/maintain	 optimal	

redox	status	and	subsequently	impact	intracellular	signaling	cascades.	This	hypothesis	has	

also	 been	 speculated	 by	 others	 in	 application	 to	 stem	 cell	 systems	 (Perales-Clemente,	

Folmes,	and	Terzic	2014).	Only	a	limited	number	of	pluripotent	cells	give	rise	to	all	tissues	

in	the	body.	Avoidance	of	ROS	generated	by	mitochondrial	respiration	would	be	 ideal	 for	

maintenance	 of	 nuclear	 and	 mitochondrial	 DNA	 integrity	 through	 successive	 rounds	 of	

mitosis.	 Glycolysis	 utilization	 is	 hypothesized	 to	 provide	 a	 protective	mechanism	 against	

oxidative	stress	that	may	preserve	mitochondria	and	genomic	integrity	in	pluripotent	stem	

cells	(Perales-Clemente,	Folmes,	and	Terzic	2014).	Previous	work	has	suggested	that	stem	

and	intermediate	progenitor	cells	have	immature	mitochondrial	ultrastructure,	lower	rates	

of	oxygen	consumption,	and	rely	heavily	on	glycolysis	instead	of	oxidative	phosphorylation	

compared	 to	 differentiated	 cells	 (Perales-Clemente,	 Folmes,	 and	 Terzic	 2014).	 Previous	

research	 has	 also	 suggested	 that	 stem	 cells	 have	 high	 free	 NADH,	 and	 progenitor	 cell	

differentiation	correlates	with	a	 switch	 to	oxidative	phosphorylation	 (Wright	et	al.	2012;	

Stringari,	 Nourse,	 et	 al.	 2012;	 Stringari,	 Edwards,	 et	 al.	 2012).	 Other	 work	 has	

demonstrated	 that	 mouse	 embryonic	 stem	 cells	 and	 immortalized	 mouse	 embryonic	
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fibroblasts	 display	 increased	 glycolytic	 flux	 and	 more	 resistance	 to	 oxidative	 stress	

compared	 to	 senescent	 cells	 (Kondoh	 et	 al.	 2005).	 	 These	 authors	 speculate	 that	

constitutively	 active	 glycolysis	 in	 embryonic	 stem	 cells	 at	 atmospheric	 O2	 conditions	

contribute	 to	 the	 observed	 immortal	 stemness	 in	 culture	 (Kondoh	 et	 al.	 2005).	 It	 is	

intriguing	to	speculate	whether	proliferation	and	glycolysis	might	be	intrinsically	linked	in	

select	 biological	 systems	 to	 achieve	 greater	 resistance	 to	 oxidative	 damage	 thereby	

preserving	 the	 proliferating	 cell	 pool.	 Accumulation	 of	 oxidative	 damage	 in	 the	

proliferating	 cell	 pool	 could	 result	 in	 poorer	 quality	 differentiated	 cells	 over	 time	 and	

threaten	fetal	survival.	 	It	is	also	intriguing	to	speculate	whether	a	proliferation-glycolysis	

link	might	also	attribute	to	the	glycolytic	nature	observed	in	many	cancers	(Cairns,	Harris,	

and	 Mak	 2011;	 J.	 Zheng	 2012;	 Pate	 et	 al.	 2014;	 Shaw	 2006).	 From	 a	 developmental	

perspective,	 the	 concept	of	 cancer	may	be	viewed	as	 the	 reversion	of	differentiated	 cells	

back	 to	 the	 stem/progenitor	 cell	 state	 (de-differentiation)(Spike	and	Wahl	2011;	Fessler,	

Borovski,	and	Medema	2015;	Medema	2013;	Bjerkvig	et	al.	2005).	Otto	Warburg,	developer	

of	 the	 Warburg	 metabolism	 hypothesis	 (a.k.a.	 the	 ‘Warburg	 effect’),	 characterized	 the	

constitutively	 glycolytic	 nature	 of	 cancer	 cells	 even	 in	 the	 presence	 of	 oxygen-rich	

conditions	 (WARBURG	 1956;	 Shaw	 2006;	 J.	 Zheng	 2012).	 Many	 have	 questioned	 why	

cancer	 cells	 evolve	 to	 use	 predominantly	 glycolysis,	 an	 inefficient	 form	 of	 energy	

production	compared	with	oxidative	phosphorylation	(OXPHOS)(J.	Zheng	2012).	Warburg	

originally	 proposed	 aerobic	 glycolysis	 in	 cancer	 cells	 was	 due	 to	 mitochondrial	 damage	

resulting	 in	OXPHOS	impairment	(J.	Zheng	2012;	WARBURG	1956).	This	 theory	was	 later	

challenged	 by	 multiple	 studies	 that	 characterized	 intact	 mitochondria	 in	 Warburg	

metabolism	 cancer	 cells	 (J.	 Zheng	 2012;	 H.	 Y.	 Lim	 et	 al.	 2011;	 Hsu	 and	 Sabatini	 2008;	
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Fantin,	St-Pierre,	and	Leder	2006;	Koppenol,	Bounds,	and	Dang	2011;	Griguer,	Oliva,	and	

Gillespie	2005).	It	is	intriguing	to	question	whether	cancer	cells	truly	“evolve”	constitutive	

glycolysis,	 or	 if	 instead,	 glycolysis	 is	 employed	 by	 default	 as	 a	 remnant	 of	 the	 stem	

developmental	 program	 intended	 to	 protect	 the	 proliferating	 cell	 pool	 during	

embryogenesis	through	fetal	development.		

Obesity,	diabetes	and	related	metabolic	disorders	have	been	suggested	to	impact	oocyte	

metabolism	 and	 decrease	 reproductive	 outcomes(Gu	 et	 al.	 2015).	 Several	 studies	 have	

suggested	 females	 with	 metabolic	 disorder	 have	 fertility	 defects	 (Cardozo,	 Pavone,	 and	

Hirshfeld-Cytron	 2011;	 Purcell	 and	 Moley	 2011).	 Abnormally	 high	 or	 low	 rates	 of	

metabolism	has	been	suggested	to	impair	oocyte	quality	(Purcell	and	Moley	2011;	Brewer	

and	Balen	2010;	van	Swieten	et	al.	2005).	Oocyte	quality	impairments	in	these	women	may	

be	 mediated	 in	 part	 by	 altered	 oocyte	 metabolism,	 which	 is	 impacted	 by	 maternal	

nutrition(Gu	et	al.	2015).	Upon	primordial	 follicle	activation,	oocytes	are	suggested	 to	be	

particularly	sensitive	to	changes	in	follicular	environment	induced	by	nutrient	changes	(Gu	

et	al.	2015).	Metabolic	perturbations	that	alter	NADH	levels	 in	both	the	oocyte	cytoplasm	

and	oocyte	nucleus	can	potentially	alter	oocyte	nuclear	NADH/NAD+	dependent	signaling.	

It	 is	 tempting	 to	 speculate	 whether	 altered	 NADH/NAD+	 signaling	 may	 contribute	 to	

spindle	 defects,	 altered	 nuclear	 maturation,	 and	 abnormal	 epigenetics	 that	 have	 been	

associated	with	metabolic	disease	 related	decreases	 in	oocyte	quality	and	developmental	

potential		(Ge	et	al.	2013;	Ding	et	al.	2012;	Ge	et	al.	2014).	

	

	



105	
	

Application	 of	 the	 phasor	 approach	 to	 fluorescence	 lifetime	 imaging	 microscopy	 to	

characterizing	primordial	through	pre-ovulatory	follicle	bioenergetics/metabolism	

Our	manuscript	is	only	one	of	many	studies	performed	that	demonstrate	the	prowess	of	

Phasor	 FLIM	 in	 allowing	 label-free	 spatial	 visualization	 that	 approximates	 metabolism	

within	the	context	and	physiology	of	whole	tissue	and	an	intact	developmental	niche.		

Our	 phasor	 FLIM	 free/bound	 NADH	 measurements	 in	 whole	 ovarian	 tissue	 suggest	

follicular	 bioenergetics	 proceeds	 with	 primordial	 through	 primary	 oocytes	 utilizing	

glycolysis/krebs	 cycle	 and	 secondary	 through	 pre-ovulatory	 oocytes	 utilizing	 oxidative	

phosphorylation	 as	 their	 primary	mode	 of	metabolism	 (Cinco	 et	 al.	 2016).	 Evolutionary	

selection	for	glycolysis	in	primordial	follicles	would	be	beneficial	for	optimal	maintenance	

during	the	female	fertile	lifespan,	as	glycolytic	metabolism	avoids	generation	of	damaging	

ROS	 during	 mitochondrial	 respiration.	 However,	 from	 the	 primordial	 to	 pre-ovulatory	

stage	 the	 oocyte	 is	 destined	 to	 quintuple	 in	 size	 (S.	 E.	 Harris	 et	 al.	 2009).	 Oxidative	

phosphorylation	 is	 more	 energy	 efficient	 and	would	 be	more	 beneficial	 for	meeting	 the	

energy	demands	of	the	growing	oocyte	(Cinco	et	al.	2016).		It	is	also	interesting	to	note	the	

timing	of	the	switch	from	glycolysis	to	oxidative	phosphorylation	occurs	at	the	secondary	

follicle	 stage,	 concurrent	 with	 vascular	 endothelial	 cell	 recruitment.	 It	 is	 intriguing	 to	

speculate	whether	recruitment	of	vasculature	might	increase	oxygen	availability	and	signal	

induction	 of	 oxidative	 phosphorylation	 in	 late	 secondary	 stage	 follicles.	 Further	

experimentation	modulating	follicular	angiogenesis	utilizing	inhibitors	and	transgenic	mice	

may	 be	 done	 to	 explore	 this	 hypothesis.	 However,	 we	 also	 surmise	 cell	 intrinsic	

mechanisms	 including	 timing	of	mitochondrial	maturation	are	 also	 required	 to	 switch	 to	

oxidative	 phosphorylation.	 We	 observed	 primordial	 through	 early	 secondary	 follicles	 in	



106	
	

cultured	 neonatal	 ovaries	 remain	 high	 in	 free	 NADH	 despite	 increased	 O2	 availability	 in	

culture	suggesting	these	stages	utilize	glycolysis/Krebs	cycle	irrespective	of	O2	levels.		

Previously	published	oocyte	mitochondria	marker	evaluations	suggest	a	larger	majority	

of	 oocyte	 cytoplasmic	 volume	 is	 occupied	 by	mitochondria	 (Ou	 et	 al.	 2012;	 Pepling	 and	

Spradling	2001;	Pepling	et	al.	2007).	Thus,	we	suspect	a	large	portion	of	free/bound	NADH	

we	measured	in	oocytes	reflects	levels	of	NADH	within	mitochondria.		

It	is	intriguing	to	compare	phasor	FLIM	images	from	prepubertal	PND	23	gonadotropin	

stimulated	 female	 ovaries	 (Figure	 7	 and	 22)	 with	 previously	 published	 gonadotropin	

stimulated	PND	22	ovaries	subjected	to	glycolytic	gene	in	situ	hybridizations	published	by	

Sugiura	et	al,	2010	(Figure	22)	exhibit	identical	interpretations	for	spatial	glycolytic	trends	

in	antral	and	pre-ovulatory	follicles.	Both	studies	suggest	glycolysis	 is	highest	 in	cumulus	

granulosa	 cells	 and	 the	 inner	 boundary	 of	 mural	 granulosa	 cells	 (Figure_	 and	 Figure	

_)(Cinco	et	al.	2016;	Sugiura,	Pendola,	and	Eppig	2005).		

	

Potential	roles	of	SIRT1	upon	primordial	follicle	awakening	and	folliculogenesis	

Our	immunostaining	results	demonstrate	expression	of	SIRT1	in	medullary	primordial	

follicles,	transitional	and	primary	follicles	with	increasing	intensity	from	the	primordial	to	

primary	 stage	 (Figure	 6A-E).	 The	 enrichment	 of	 Sirt1	 immunopositivity	 in	 medullary	

primordial	follicles	in	contrast	to	cortical	primordial	follicles	is	especially	intriguing	since	

medullary	 primordial	 follicles	 are	 suggested	 to	 activate	 and	 be	 depleted	 before	 cortical	

primordial	follicles	(W.	Zheng	et	al.	2014;	Cordeiro	et	al.	2015).	 	Taken	together,	our	data	

may	 suggest	 a	 potential	 role	 for	 SIRT1	 in	 oocyte	 development	 after	 primordial	 follicle	

activation	(Figure	6).	Sirt1	is	suggested	to	directly	interact	with	and	regulate	proliferator-
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activated	receptor	coactivator-1	alpha	(PGC-1α)	(Nemoto,	Fergusson,	and	Finkel	2005)	and	

AMP-activated	 protein	 kinase	 (AMPK)(Price	 et	 al.	 2012)	 in	 cells,	 critical	 mediators	 of	

mitochondrial	 biogenesis	 (Cantó	 and	 Auwerx	 2009;	 Jornayvaz	 and	 Shulman	 2010;	

Puigserver	and	Spiegelman	2003).	PGC-1α	also	plays	a	key	 role	 in	glucose	and	 fatty	acid	

metabolism,	 which	 our	 and	 others'	 results	 support	 are	 predominant	 oocyte	 metabolic	

pathways	(Cinco	et	al.	2016;	Nemoto,	Fergusson,	and	Finkel	2005;	Dunning	et	al.	2007;	S.	E.	

Harris	 et	 al.	 2007;	 Collado-Fernandez,	 Picton,	 and	 Dumollard	 2012;	 Paczkowski,	

Schoolcraft,	 and	 Krisher	 2014;	 Dunning,	 Russell,	 and	 Robker	 2014;	 Dunning	 et	 al.	 2014;	

Minge	et	al.	2006).	It	is	intriguing	to	speculate	that	Sirt1	in	the	oocyte	nucleus	may	regulate	

mitochondrial	 biogenesis	 during	 oocyte	 maturation.	 SIRT1	 has	 also	 been	 suggested	 to	

interact	with	key	proteins	 involved	 in	cellular	stress	response	such	a	FOXO	transcription	

factors	 (Tatone	 et	 al.	 2008).	 SIRT1	 can	 directly	 bind	 FOXO3a	 and	 inhibit	 FOXO3a	

transcription	 activity	 in	 HeLa	 cells	 through	 modulation	 of	 DNA	 binding	 activity	 and	

alteration	 of	 protein/protein	 interactions	 (Motta	 et	 al.	 2004).	 In	 oocytes,	 FOXO3a	 is	 a	

downstream	effector	of	PI3K	and	 is	demonstrated	 to	be	a	 critical	mediator	of	primordial	

follicle	quiescence,	where	relocation	of	FOXO3a	from	the	oocyte	nucleus	to	the	cytoplasm	is	

associated	 with	 primordial	 follicle	 awakening	 (Castrillon	 et	 al.	 2003;	 John	 et	 al.	 2008).	

Based	on	 interaction	of	SIRT1	with	FOXO	 transcription	 factors	 in	other	cell	 systems,	 it	 is	

tempting	 to	 speculate	 that	 SIRT1	 might	 mediate	 primordial	 follicle	 maturation	 via	

interactions	with	FOXO3a.	However,	we	recognize	our	SIRT1	immunostaining	results	have	

only	been	demonstrated	in	neonatal	ovaries,	and	it	is	possible	that	adult	oocyte	expression	

of	 SIRT1	may	 diverge	 in	 intensity,	 localization	 and/or	 timing	 as	 previously	 observed	 for	

other	 oocyte	 proteins	 such	 as	 FoxO3	 (John	 et	 al.	 2008).	 Further	 experimentation	 and	
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immunostaining	 for	 SIRT1	 in	 adult	 ovaries	 is	 needed	 to	 demonstrate	 relevance	 to	 adult	

follicle	development	and	fertility.	Once	demonstrated,	 it	would	be	interesting	to	elucidate	

the	effects	of	Sirt1	conditional	deletion	in	mouse	oocytes.	

Our	 SIRT1	 immunostaining	 results	 are	 inversely	 correlated	 with	 changes	 in	 oocyte	

nucleus	 NADH	 intensity	 and	 NADH	 lifetime	 from	 primordial	 to	 primary	 follicle	

development	(Figure	2A).	This	result	has	 led	us	to	hypothesize	that	SIRT1	may	modulate	

the	 levels	 of	 NAD+	 and	 consequently	 NADH	 in	 the	 oocyte	 nucleus	 (Figure	 6F).	 This	

hypothesis	 is	 consistent	with	 a	 recently	 published	 series	 of	 experiments	 in	which	 SIRT1	

activation	and	inhibition	was	demonstrated	to	directly	 impact	nuclear	NADH	lifetime	and	

distribution	in	cells	in	the	same	manner	(Aguilar-Arnal	et	al.	2016).		

	

Future	Translation	of	Phasor	FLIM	to	Clinical	Applications	

Phasor	FLIM	combined	with	deep	tissue	imaging	allows	label-free	spatial	visualization	

of	metabolism	within	context	of	whole	tissue	that	may	show	future	promise	as	a	clinically	

invasive	 diagnostic	 tool	 to	 determine	 metabolism	 in	 patient	 tissue	 in	 vivo.	 	 Recent	

innovations	 using	 fiber-optic	 two	 photon	 endomicroscopy	 (Liang	 et	 al.	 2016;	 Morales-

Delgado,	Psaltis,	and	Moser	2015;	Rivera,	Brown,	and	Ouzounov	2011;	Y.	Zhao,	Nakamura,	

and	 Gordon	 2010)	 have	 introduced	 the	 prospect	 of	 feasibility	 for	 phasor	 FLIM	 clinical	

applications.	However,	 currently	 these	 two-photon	endoscopic	 fiber-optics	 are	 limited	 to	

conventional	narrow	angle	photon	collection	through	the	excitation	lens.	Current	barriers	

in	 deep	 tissue	 imaging	 are	 associated	 with	 insufficient	 photon	 collection	 through	 thick	

samples	 and	 photon	 absorption	 by	 blood	which	 is	 further	 exacerbated	 by	 narrow	 angle	

photon	 collection	 in	 most	 imaging	 systems	 and	 limitations	 in	 detection	 sensitivity.	
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Advances	 in	 larger	 angle	 photon	 collection(Crosignani,	 Dvornikov,	 and	 Gratton	 2013;	

Crosignani	 et	 al.	 2012;	 Crosignani,	 Dvornikov,	 and	 Gratton	 2011)	 and	 more	 efficient	

detector	sensitivity	 in	 fiber-optic	endoscopy	may	eventually	overcome	these	barriers	and	

make	 clinical	 application	 of	 phasor	 FLIM	 a	 reality.	 These	 invasive	 diagnostics	may	 have	

promising	 clinical	 applications	 for	 early	 cancer	 diagnosis,	 cancer	 staging,	 and	 fertility	

assessment	applied	towards	female-factor	infertility	with	poor	IVF	outcomes.		

	

Expression	of	Amhr2-Cre	in	early	stage	embryogenesis	

To	our	knowledge,	our	study	is	the	first	to	characterize	global	transmission	of	a	deleted	

floxed	 allele	 in	 Amhr2-cre	 positive	 progeny	 derived	 specifically	 from	 Amhr2(Cre/+)	

mothers.	 Progeny	 of	Amhr2(Cre/+)	 fathers	mated	 to	Gclc(f/f)	mothers	 always	 inherit	 the	

floxed	 version	 of	 the	 allele	 irrespective	 of	 Amhr2-cre	 positivity	 as	 expected.	 These	 data	

suggest	 Amhr2-Cre	 is	 expressed	 in	 the	 zygote	 post-fertilization	 and	 its	 expression	 is	

dependent	on	female	inheritance	of	the	allele.	This	is	consistent	with	previously	published	

transcriptomic	analyses	of	two-stage	embryos,	which	showed	high	Amhr2	expression	at	the	

two-cell	 stage(Fan	 et	 al.	 2015).	 Another	 possible	 explanation	 of	 our	 findings	 that	 we	

considered	is	presence	of	Cre	recombinase	in	the	oocytes,	and	β-gal	expression	in	Amhr2-

Cre-R26R	 secondary	 follicle	 oocytes	has	 also	previously	been	demonstrated	 (Jorgez	 et	 al.	

2004).	 However,	 our	 observations	 are	 not	 consistent	 with	 Amhr2-Cre	 activity	 occurring	

during	 this	 timeframe.	 If	 Amhr2-Cre	 recombination	 occurs	 before	 ovulation,	 we	 would	

expect	to	observe	Amhr2-Cre	negative	progeny	to	also	inherit	the	deleted	floxed	allele.	We	

observe	 deleted	 floxed	 allele	 inheritance	 to	 be	 100%	 dependent	 upon	 simultaneous	
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inheritance	of	Amhr2-Cre.	Thus,	we	believe	these	results	support	Amhr2-Cre	recombination	

is	not	likely	to	occur	before	the	second	polar	body	extrusion.			

Maternal	 mRNA	 recruitment	 follows	 a	 highly	 orchestrated	 pattern	 wherein	 large	

groups	of	maternal	mRNAs	are	coordinately	recruited,	translated	and	degraded	at	specific	

times	 of	 development	 to	 regulate	 stages	 of	 oocyte	 maturation	 and	 initiate	 zygotic	

development	 (Mtango,	 Potireddy,	 and	 Latham	 2008).	 Maternal	 mRNA	 recruitment	 still	

occurs	 after	 fertilization(Mtango,	 Potireddy,	 and	 Latham	 2008;	 Hara	 et	 al.	 2005).	 It	 is	

tempting	 to	 speculate	 whether	 stable	 Amhr2	 mRNAs	 might	 be	 transcribed	 after	 second	

polar	body	extrusion,	but	not	translated	until	the	2-cell	stage(Schier	2007).	Our	results	may	

suggest	 merit	 for	 further	 investigation	 into	 Amhr2	 maternal	 mRNA	 recruitment	 and	

possible	Amhr2	roles	during	pre-implantation	development.		

Cre	 expression	 in	 the	 Amhr2-Cre	 knockin	 mice	 was	 initially	 shown	 to	 occur	 in	 the	

mesenchyme	 surrounding	 the	 Müllerian	 ducts	 prenatally	 (Jamin	 et	 al.	 2002)	 and	 in	

secondary	through	early	antral	follicle	granulosa	cells	and	uterine	myometrium	and	theca	

cells(Jorgez	et	al.	2004),	a	multitude	of	studies	have	demonstrated	Amhr2	and/or	Amhr2-

Cre	 expression	 in	 other	 tissues.	 including	 brain,	 pituitary,	 and	 Müllerian	 duct	 derived	

uterus,	 oviduct,	 and	 upper	 third	 of	 the	 vagina	 (Hernandez	 Gifford,	 Hunzicker-Dunn,	 and	

Nilson	 2009;	 Laguë	 et	 al.	 2010;	 Hong	 et	 al.	 2008;	 Jorgez	 et	 al.	 2004).	 Jorgez	 et	 al.	 also	

reported	 low	Cre	activity	 in	some	theca	cells	and	oocytes(Jorgez	et	al.	2004).	Hernandez-

Gifford	 et.	 al	 previously	 reported	 observing	 varying	 degrees	 of	 Amhr2-Cre	 β-Catenin	

(CTNNB1)	 floxing	 in	 brain,	 pituitary,	 heart,	 liver,	 uterus,	 oviduct	 and	 tail(Hernandez	

Gifford,	Hunzicker-Dunn,	 and	Nilson	 2009).	Hernandez-Gifford	 et.	 al	 did	 not	 disclose	 the	

sex	arrangement	of	their	mating	strategies.	Fan	et	al.	2015	have	also	reported	unexpected	
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non-Mendelian	ratios	in	their	studies	using	Amhr2-Cre-driven	Tspo,	but	also	did	not	specify	

the	 sex	 arrangement	 of	 their	mating	 strategies(Fan	 et	 al.	 2015).	Recently,	Amhr2	 and/or	

Amhr2-Cre	 was	 reportedly	 expressed	 in	 the	 cerebral	 cortex,	 hippocampus,	 and	

hypothalamus	(Cimino	et	al.	2016)	in	female	C57BL/6J	mice.	

These	data	are	 important	 to	keep	 in	consideration	when	planning	breeding	strategies	

for	conditional	cre-lox	genetic	deletion	studies	using	Amhr2-Cre	mice.	Our	results	highlight	

that	experimenters	should	use	Amhr2-cre	with	caution	and	avoid	mating	strategies	using	

female	Amhr2-cre	allele	donors.	

	

Impact	of	glutathione	deficiency	on	fertility	

Our	results	in	Amhr2-Cre	Gclc	knockout	mice	suggest	Gclc	and	GSH	deficiency	in	Amhr2-

cre	 expressing	 cells	 has	 a	 negative	 impact	 on	 fertility	 that	 cannot	 be	 rescued	 by	

physiological	 compensatory	 mechanisms.	 These	 results	 are	 in	 agreement	 with	 previous	

fertility	studies	in	another	glutathione	deficient	mouse	model	where	global	Gclm	-/-	female	

mice	exhibit	decreased	cumulative	offspring	production	due	to	preimplantation	embryonic	

mortality	 compared	 to	wild	 type	 littermate	 controls	 (B.	 N.	 Nakamura	 et	 al.	 2011).	 .	 It	 is	

intriguing	 to	 speculate	whether	Amhr2-Cre	mediated	Gclc	 deficiency	might	 alter	 cumulus	

granulosa	 cell	 matrix	 composition	 resulting	 in	 a	 negative	 impact	 on	 fertility.	 Further	

experimentation	such	as	 in	 vitro	 fertilization	of	oocytes	 from	Amhr2-Cre	Gclc	 and	culture	

resultant	embryos	 is	required	to	determine	 if	Amhr2-Cre	mediated	Gclc	deficiency	has	an	

impact	on	ovulated	oocyte	quality,	decreasing	embryo	survival.	 It	 is	also	possible	chronic	

abolition	 of	 Gclc	 in	 oviduct	 epithelial	 cells	 and	 consequently	 glutathione	 deficiency	 in	
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oviductal	fluids	may	also	compromise	oocyte	quality	after	ovulation	and	negatively	impact	

fertility	(P.	Guérin,	Mouatassim,	and	Ménézo	2001).	

We	 also	 observed	 that	Amhr2-Cre	 Gclc	 knockout	mice	 have	 significantly	more	 antral	

follicles	 and	 corpora	 lutea	 at	 7	months	 age	 compared	with	wildtype	 littermate	 controls.	

These	 data	 suggest	 Amhr2-Cre	 mediated	 Gclc	 deficiency	 confers	 increased	 antral	 follicle	

survival	 and	 ovulation.	 These	 results	 appear	 to	 be	 in	 contradiction	 to	 our	 observed	

decrease	 in	 offspring	 production	 from	 Amhr2Cre	 Gclc	 females.	 To	 reconcile	 these	 two	

findings,	 one	 could	 postulate	 that	Amhr2Cre	 Gclc	 females	 ovulate	more	 oocytes	 of	 lower	

quality,	 which	 fail	 to	 be	 fertilized	 or	 are	 fertilized	 but	 the	 resulting	 embryos	 die	 before	

birth.	Based	on	previous	work	pairing	Amhr2-Cre	with	Rosa26	reporter,	Amhr2-Cre	onset	is	

suggested	 to	 occur	 robustly	 in	 mid	 to	 late	 secondary	 stage	 follicle	 granulosa	 cells	 and	

sparsely	in	theca	cells	(Jorgez	et	al.	2004).	While	this	information	is	useful	in	identifying	the	

onset	of	cre	activity,	it	is	important	to	note	that	buildup	of	beta-galatosidase	from	R26R	cre	

recombination	is	unlikely	to	model	the	timing	of	GCLC	disappearance	and	subsequent	onset	

of	 glutathione	 deficiency.	 While	 Amhr2-Cre	 recombination	 occurs	 in	 secondary	 follicle	

granulosa	 cells	 on	 the	 genetic	 level,	GCLC	deficiency	 is	 also	dependent	 on	 the	half-life	 of	

GCLC	mRNA	 and	 protein	 turnover.	Moreover,	multiple	 cellular	 enzymes	 recycle	 oxidized	

GSSG	 back	 to	 2	 GSH.	 Taking	 these	 considerations	 into	 account,	 it	 is	 reasonable	 to	

hypothesize	Amhr2-Cre	mediated	Gclc	deficiency	results	in	a	moderately	paced	attrition	of	

GCLC	 and	 eventually	 GSH	 that	 starts	 in	 late	 secondary	 follicle	 granulosa	 cells.	 GCLC	 and	

subsequent	 GSH	 depletion	 may	 take	 several	 hours	 to	 more	 than	 a	 day	 to	 occur	

(Schwanhäusser	 et	 al.	 2011;	 Tsai-Turton	 and	 Luderer	 2005).	 Subchronic	 onset	 of	 Gclc	

deficiency	might	 induce	 a	 period	 of	 low	 to	 moderate	 oxidative	 stress	 in	 granulosa	 cells	
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(Duleba	2004;	H.	M.	Brown	and	Russell	2013).	Alternatively,	it	is	also	possible	moderately	

paced	 onset	 of	 glutathione	 deficiency	 allows	 time	 for	 compensatory	 antioxidant	

mechanisms	to	rescue	redox	state	resulting	in	net	low	to	moderate	level	oxidative	stress	in	

granulosa	and	theca	cells.	Low	to	moderate	level	oxidative	stress	is	suggested	to	stimulate	

proliferation	in	many	cell	types	(Burdon,	Gill,	and	Rice-Evans	2009;	Duleba	2004;	Galli	et	al.	

2005;	Dragin	et	al.	2006;	Menon	and	Goswami	2007)	and	might	stimulate	granulosa,	theca,	

and	vascular	endothelial	cell	proliferation	leading	to	increased	probability	of	antral	follicle	

survival	and	ovulation(H.	M.	Brown	and	Russell	2013).	

In	contrast,	previous	work	characterizing	follicle	response	to	glutathione	deficiency	and	

oxidative	 stress	 in	 follicles	 has	 been	 carried	 out	 using	 mouse	 models	 with	 acute	 and	

chronic	onset	glutathione	deficiency.	Previous	work	by	Lopez	and	Luderer,	2004	showed	

that	 systemic	 acute	 glutathione	 deficiency	 from	 intraperitoneal	 injection	with	 5mmol/kg	

buthione	sulfoximine	(BSO)	results	in	increased	antral	follicle	death.	BSO	is	an	irreversible	

inhibitor	of	GCL	and	results	in	immediate	inhibition	of	GCLC.	In	other	work	using	Gclm	-/-	

mice	 with	 global	 chronic	 GSH	 deficiency,	 2	 month	 old	 Gclm	 -/-	 female	 mice	 exhibited	 a	

significantly	increased	percentage	of	secondary	follicles	positive	for	cleaved	caspase-3	and	

TUNEL	 and	 significantly	 increased	 percentage	 of	 antral	 follicles	 positive	 for	 cleaved	

caspase-3	(J.	Lim	et	al.	2015).	Taken	together,	these	data	imply	systemic	chronic	and	acute	

GSH	deficiency	promotes	a	response	of	atresia	in	secondary	and	antral	follicles.	

	Previous	 studies	 have	 provided	 evidence	 that	 RS	 and	 antioxidants	 may	 induce	

increased	proliferation,	 inhibition	 of	 cell	 division,	 senescence,	 necrosis,	 apoptosis,	 or	 cell	

death	 context	 dependently	 (Halliwell	 2007;	 Aw	 1999;	 Day	 and	 Suzuki	 2005).	 Moreover	

acute	and	chronic	oxidative	stress	are	suggested	to	induce	distinct	responses(Dröge	2002).	
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The	 contrast	 of	 our	 results	 in	Amhr2-Cre	Gclc	with	 onset	 of	 glutathione	deficiency	 at	 the	

secondary	 follicle	 stage	 on	 follicle	 survival	with	previous	 research	 in	 systemic	 acute	 and	

systemic	 chronic	 glutathione	 deficiency	 models	 may	 be	 an	 example	 of	 the	 context	

dependent	nature	of	biological	systems	in	response	to	oxidative	stress.	In	biology,	there	is	

seldom	a	“one	size	fits	all”	model	to	describe	cellular	adaptive	responses	and	the	observed	

divergence	 in	 follicle	 response	 between	 different	 glutathione	 deficiency	 models	 is	 a	

reminder	of	this.	
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