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SUMMARY

Breast cancer not only cause®rbidity butis also responsible for reducing the quality of life among
younger premenopausal survivors due to chemotherapgiuced premature ovarian failure and
infertility. This doctoral thesis examines the toxic effects of commonly used breast cancer
chemotherapeutics (doxorubicin and cyclophosphamide) on ovarian carcir{g@8 cells and

murine ovarian follicles vitro.

The breast cancer chemotherapy regimieas adverse sideffects caused by the generation of
reactive oxygen species (ROS), as well as the specific mechanisms of action targeting proliferating
cells. Tocopherts (alpha, beta, gamma and delta) have proven antioxidant activity. Moreover,
previous studies demonstrated cytotoxic effecf gamma tocopherol (gToc) against breast cancer
cellsin vitro and in viva Hence,it was hypothesised thathe addition of gTot¢o doxorubicin and
cyclophosphamidevould neutralize ROS generated during chemotherapyl increaseovarian

follicle cell viability and hormone synthesis.

Clinically relevant doses of the actigd form of cyclophosphamide -dydroxycyclophosphamide
(40HEC), were not toxic to ovarian carcinoma cellwvitro. Thereforethe dose ofdoxorubicin
(5uM) at which 50% of KGN cells were kil[E€50) was combined witOHCY @t adose (0.5uM)
that maintairs the 10:1 ratiofound in patient serum. This combinati@mgnificantly reducedKGN
cell viability after 72h continuous exposure hioé addition ofgToc neither inhib&d norstimulated
KGNcell viability or estrogen productiohis study shaed that doxorubicinbut not 4OHCY@as
cytotoxic to ovarian carcinoancells at clinically relevant das@n vitro. Therefore, tle inhibitory
concentrations (I®@alues) of doxorubicin, 40EY Gnd gamma tocopherol against the MZBreast

cancer cell line were determined.

To study the direct effects of chemotherapeutics antioxidants on follicles, it was necessary to
isolate them from ovarian tissue in a way that avoided structural damage and maintained the
physiological functions and viability of the follicles. Therefore, an easy, economical and robust
method for isolatng follicles from ovarian tissue and assessing the viability of the follicular cells
were developed and characterised. The latter involved disaggregating follicles to generate a single
cell suspension that could be assessed by trypan blue assay. Theadimess relationship between
granulosa cell§GC)erfollicle and follicle diameter @R0.9). From this study it was determined that

morphologically intact, freshly isolated murine secondary follicles (125+6um to 185+6um) have 287
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to 488G Cf which aly 61% to 72% are viabl&his studyalso showedhat follicle cell viabilityvas
not affected by the follicle isolation technique. Howevehe numbers ofGCsderived from image
analysisof intact, whole fluorescenstained follicleswere approximately 6% lower than from
disaggregated folliclesombined with trypan blue assessmeftis difference was attributed to the
3-dimensional structure of the intact folliclé®cause this may hawscured the fluorescent signal.
The granulosa cell numbers deriviedm thisstudywere higher than valuesstimated usindixed
ovarian sectionslt was concluded that thelirect quantification of viable GC isolated from
disaggregatedbollicles is the most accuratnd reproduciblanethod forassessing GC number and

viability.

Follicles cultured im 2D in vitro system did not grovduring a72h culture period. Their spherical
structure was disruptedbut the cell viability was similar to that found freshly isolated follicles.
Follicles produced 0.84+0.07pg/mL estrogamd 5.66+6.82pg/mlprogesteroneafter 24h which

was lower than that produced ia 3D culture system. Since the 2D culture of follicles led to the
disruption of follicle morphology and dispersion@Csacross the surface of the culture plate, it was
decidad to examine and develop 3D follicle cultiggstems.Two 3D matrices were examined in a

48h study. Matrigel was perfmed because isupported themaintenance of sphericdbllicle
morphology (47% witlhiighM1 or M2 grade), granulosa cell viability (64868%) and synthesis of
both estrogen and progesterone. None of t&B or 3Dculture conditionsexaminedsupported AMH
synthesis. Therefore, Matrigel was selected for further studies in which murine secondary follicles

were exposed to commonly used breasincer chemotherapeutics with or without antioxidants.

Doxorubicin and 40€lYGalone and in combination were more toxic to primary derived follicular
GCswithin an intact folliclein vitro, than to the breast cancer cell lifdCF7, because the 1C25
valuesof doxorubicin and 40€Y Mbtained from 24h MGF exposures killed higher proportions
(74% and 63% respectively) of cells inside intact murine secondary folligie®. The combination

of doxorubicin and 40€lYCGvas additive; instead of killing 50% difet cells as exposure to the
combined IC25 values of the two chemotherapeutics would predict, the combination killed 84% of
the follicular cells. Exposure to the IC25 value of gamma tocopfgrok)obtained from the MCF

7 cellshowever was not at all cytoxic to follicle celland the addition of gToc to the doxorubicin
and 40HCYC combination also had no additional cytotoxidibyvever, in this study the vehicle
control for gToc, 0.3% DMSO, atsaintainedthe morphological integrity and viability of fmles
Leading to the conclusion that the study should be repeated with a higher concentration of gToc to

be able to give an unequivocal demption of its separate effects on follicles.
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Studies conducted during this PhD project together support the thgsis that commonly used
chemotherapeutics for treating breast cancer have di&iaging effects on the 3D structure of
follicles.Exposure to chemotherapeutics disrgatthe basal membranef follicles whicHed to the
lossof theca cells andurther damage to follicle integrity. Togethéne loss of follicle integrity and
the death ofGCded to reduced hormone synthesié$ this occur#n vivq disruption to follicles would
contribute to premature ovariafailure. Although the ceadministration of gamma tocopherol did
not entirely protect follicles fromthe damaging effect of chemotherapeutics, it demonstrated
promise inthat it maintained follicle integrity, follicle cell viability and hormone productiamen
administered aloneHence it is recommenadkthat further studiesshould be conducted in which

higher doses of gamma tocophemie combined with the doxorubicin and cyclophosphamide.

ThisPhD project therefore evaluated the effects of commonly used chemotheragartiovarian
follicles Findingsncrease understanding diie role ofthesechemotherapeutics in ovarian failure
among women of reproductive agend support furtherresearch to develop chemotherapeutics
with minimum or no effect on wome® gertility. Overall, this project will contribetto improving

the quality of life of cancer survivors by identifyingome of the mechanisms of action of
chemotherapeutic induced premature ovarian failufde finding that a concentration of gToc that
kills 25% of breast cancer cells but has no cyteitykio primaryderived folliclesn vitro suggest
GKFG AF 3¢20 ¢l a F2dzyR G2 0S al (@cdorubich atdRR
cyclophosphamidgeregimers in vivq it has the potential to increase anticancer efficacy, possibly
reduce the numbenf chemotherapy cycles required, and so reduce adverseefidets to the

ovary.
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1. CHAPTER ONE: LITEBREREVEW

1.1 Introduction

The treatment of cancers in adolescent and young adult (AYA) women can cause premature ovarian
failure and infertility(BenAharon et al. 2010a; Knight & Glister 2006; Meirow et al. 1999; Morgan

et al. 2012; Oktem & Oktay 2007a; Petrillo et al. 2011; Roti et al. 2012; Yucebilgin et al. 2004; Yuksel
et al. 2015) Ovarian granulosa ce(l&Cpgynthesisend secrete anti mullerian hormone (AMH), and
serum AMH concentrations in female oncology pat$e decrease as chemotherapy proceeds
(Anders et al. 2008; Anderson et al. 2006; Anderson & Cameron 2011; Aslam et al. 2011; Decanter
et al. 2010; Fong et al. 2008; Lawrenz et al. 2012; Lie Fong et al. 2008; LutSimgha et al. 2007;

Oktay et al. 2006; Partridge et al. 2010; Peigne & Decanter 2014; Singh et al.l200@yer, the

direct effects of chemotherapeutic agents on ovarian follicle cell viability and AMH production have

not been examined.

AMH is producéd by the proliferatingGCSof small growing folliclegBaarends et al. 1995;
Broekmans et al. 2008; Hanna et al. 2006; Pask et al. 2004; Peigne & Decanter 2014; Stubbs et al.
2005; Weenen et al. 2004b; Zec et al12)) and it has been suggested that cytotoxic chemotherapy
might decrease the production of AMH by decreasing the numbers of ViaBkFigure 15). The
recruitment of small inactive primordial follicles intoetlgrowing pool of follicles is suppressed by
AMH (Durlinger et al. 2002; Durlinger et al. 1999; Themmen 20®&)efore the indirect removal

of AMH by chemotherapy would result in the recruitment of more primdrtbéicles (which would
otherwise remain quiescent) into the growing pool of follicles. These in turn would be killed by
subsequent cycles of chemotherapy, and lead to premature ovarian failure. In Asian countries, 25%
of breast cancer patients are premgpausal(Tiong et al. 2014)This cohort of young women is
subject to the adversempact of infertility on their postancer quality of life. Improved
understanding of the effects of cancer and chemotherapy on aspects of ovarian and follicular
physiology may lead to the development of acéincer treatments with additional benefits for

preserving fertility in cancer survivors.

A combined regimeof doxorubicin and cyclophosphamide is commonly used to treat breast cancer
patients but the effect of this chemotherapeutic regimen ovarian follicle has not been
examined. This PhD thegisesentsan examination othe effects of clinically relevant doses of

doxorubicin and cyclophosphamide onurine folliclecell viability and hormone productian vitro.
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1.2 Folliculogenesis

Folliculogenesis the process advarian follicledevelopmert. In the foetus, the primitive germ cells
divide and differentiate to form oogonia. These oogonia are surrounded by somatic cells which in
later stages differentiate into the cells that form the folli¢iEppig 20Q; Gougeon 1996; Wallace &
Kelsey 2010)A small fraction of the dormant primordial follicles are recruited to grow in a process
known as follicle activatiofFortune et al. 2000; G@eon 1996) Anovarian folliclepasses through

a series of developmental stages: primordial (quiescent), primary, secondargar{ped), tertiary

(antral) and finally the pr@vulatory large antral follicle stag€igure 11).

In the process of folliculogenesis, the oocyte of the primary follicle increases in size and secretes
zona pellucida proteins as well as paracrine factors. These proteins and growth factors subsequently
stimulate granulosa cell proliferatioChen et al. 2015; Hernand€oronado et al. 2016; Hutt,
McLaughlin & Holland 2006; Kawamura, Kawamura & Hsueh 2016; Plancha et al. 2005; Weenen et
al. 2004a) Young and McNeilly (201@entified one layer of flattenedsCsin primordialfollicles

and showed that theGCsecome cuboidal in primary follicles. Secondary follicles consist of 2 to 4
layers ofGCswhereas antral follicles have more than 5 layé#sitt, McLaughlin & Holland 2006;
Young & McNeilly 2010The diameters of follicles reflect the number of granulosa cell layers, and
the numbers of GC in mouse follicles range frora 24 (primordial), 1778 (primary), 79145 (early

Mid Secondary) and 14515 (late secondarincipient antral) and >216 um (antrgBagger et al.

1993; Cortvrindt, R, Smitz, J & Van Steirteghem, A 1996; Gougebn@88geon & Chainy 1987;
Griffin, Jeanine et al. 2006; Lintekhoore & Moore 1979; Liu et al. 2000; Pedersen & Peters 1968;
Salmon, Handyside & Joyce 2004; Segino et al. 2005; Smitz & Cortvrindt 2002; Tsuji, Sowa & Nakano
1985) Secondary follicles ardharacterised by the differentiation of theca cells from the stroma
which become mature theca cell layers in antral folli¢@sugeon 1996; Young & McNeilly 2Q10)
Further follicular development results in the formation of a fluid filled antr(@ougeon 1996;

Weenen et al. 2004dJFigure 11).

Follicular development is tightly regulated by hormones, gonadotrophins and graetbrs, and

occurs through two recruitment processes; the entry of primordialdi@lt into the growing pool
andthe selection of a dominant follicle from the pool of growing secondary foll{€ledune et al.

2000; Kawamura, Kawamura & Hsueh 2016; Knight & Glister 2006; Regan et al. 2017; Zec et al.
2011) During birth human ovaries contain 266 to 472 thousand resting follicles, a number which is

reduced to 180,000 by puberty and less than 1000 at menop@besageon 1996; Kelsey et al. 2011;
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Liew et al. 2017; McLaughlin et al. 2015; Wallace & Kelsey .281t6) puberty, a small group of
resting follicles are recruited in the growing pool and in each menstrual cyclelanimant follicle
undergoes ovulation. This dominant follicle is developed from a primordial follicle that was recruited
to the growing pool approximately 6 to 12 months previoy&yickson & Danforth 1995; Erickso

& Shimasaki 2001; Fortune et al. 2000; Zec et al. 2011)

Primordial Primary Secondary Antral

Diameter: 0-24 um Diameter: 17-78 pm Diameter: 79-145 pym Diameter: > 146 pm
1 Layer of GC 1 Layer of GC 2-4 Layers of GC >5 Layers of GC

'S

- )0 3 8
0»@ = X » ¢ <K :

) 0.0 4

09006 b |

/

< ﬂo

so=ad
- VLT 2%
Corpus Luteum Pre-ovulatory
Flattened Granulosa cells
_— (GC) O Oocyte
0 Cuboidal Granulosa cells Antrum
(GC) <

Figure 1.1: Stages of follicle maturation (adapted frorBarnett et al. (2006).

After being recruited primordial follicles pass through primary, secondary, antral aray/plaory
stages before ovulation. Diameters are for mouse follicle and were deriveddriffim, Jeanine et
al. (2006)and numbers of granulosa cell (GC) layers were describédumng and McNeilly (2010)

A primordial follicle consists of a small immature prophase stage oocyte surrounded by one layer of
flattened (squamous§zCqTelfer, E. E. & Zelinski, M. B. 2013)yman primadial follicles of 30 to

50 um grow into preantral follicles of 100 to 200 urfGosden et al. 1993; McLaughlin, M. et al.
2014)whereas in micgthe primordial follicles are 0 to 24 um and grow into secondarycfebi of
79-145 um(Griffin, Jeanine et al. 2006)hroughout reproductive life, from puberty to menopause,

a combination of signals stimulates a small percentage of the primordial follicles to grow, which
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means hat the GCsstart to proliferate and the oocytes increase in s{Eppig & O'Brien 1996;
Erickson & Danforth 1995; Kidder & Mhawi 2002; Liew et al. 2017; Telfer et al. 2000; Weenen et al.
2004a)

1.2.1 Roleof FSHAMH, Androgen ad Growth Factorsn Follicle Development

Follicle development until the prantral stage is independent of the gonadotrophins; follicle
stimulating hormone (FSH) and luteinising hormone (t¢tg¢ased from pituitarygland and
modulated byinhibin A and Bhat are produced during menstrual cycle from the female ova(ies
Kretser et al. 2004; Findlay et al. 2000; Groome et al. 1996; Makanji et al., 200@) growth of
follicles beyond the antral age is known as gonadotrophin dependditewailly et al. 2016)
Androgen receptors (AR) are expressed maximally by preantral follicles but are thereafter reduced
in large antral and prevulatory follicles. It is therefore suggest that the role of androgen in
folliculogenesis is in the development of follicles until the preantral s{@pateauJonard et al.

2008; Hillier, Tetsuka & Fraser 1997; Lenie & Smitz 2@08)rogen produced byatger follicles
stimulates the expression of artlullerian hormone (AMH) gene and acts on the AR present in
growing folliclegLebbe & Woodruff 2013; Pigny et al. 200B5H receptors (FSHR) are expressed
only by large preantral follicles which supports the effect of FSH on later stages of folliculogenesis
(Gougeon 1996; Yamoto, Shima & Nakano 192230, the early development of follicles to
preantral stage in FSHR knockout m{@aurlinger et al. 20013upported the FSH independent
growth of follicles during early stages. Howeveampbell et al. (2004¢ported FSH induced growth

of preantral follicles but only large preantral follicle expresses FSHR which is not in agreement of
FSH stimulated follicle growth. However, it has been reported that BE®Hlates FSHR expression
indirectly by androgeiiLebbe & Woodruff 2013p enhance the growth of follicles in early stage. In
addition, the selection of a dominant follicle is controlled by E&4¢ et al. 20119nd FSH stimulates
aromatase activity in thesCsin larger follicles which increases thenwersion of androgen to

estrogen(Sullivan et al. 1999)

In FSH null mice, primordial follicles were recruited into the growing pool and continued to grow to
pre-antral stagegEppig & O'Brien 199@)dicating that FSH was not required for the recruitment of
primordial follicles. Dong et al. (1996&eported that primary follicle development did not occur in
mice lacking Growth and Differentiating Fact9 (GDP). In GDP® inactivated mice, follicle
development did not proceed beyond primary follicle stfiganrahan et al. 2004)t was concluded

that the activdion of primordial follicles was not regulated by FSH but was controlled by9GDF

Furthermore, BMFL5 (Bone Morphogenetic Proteins) is closely related to-@#nd BMPL5 null
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mice were suHertile (Yan et al. 2001)and BMPL5 inactivated ewes were completely infertile
(iengel et al. 2002)These two factors (GEFFand BMPL5) are synthesized by the oocytes of
growing primary or larger follicles and stimulate the proliferationGE€gKnight & Glister 2006)
Granulosa cell proliferan was also increased by Activin, B#IF5, and 6, which are produced by
GCs BMR2, -4 and-7 by theca cells and BMFPby oocytesKigure 1.2) (Knight & Glister 2006)
Therefore, a combination of autocrine (Activin, Bi2IF5, 6) and paracrine (GBFBMR6, BMP15)
signals regulate the growtbr follicles. The twavay communication (autocrine and paracrine) takes

place through the junctions betweedBCsand oocytegWeenen et al. 2004a)

Picton (20013uggested that the store of germ cells produces an inhibitory substance that maintains
the balance between the growing and resting follicle numbers. Her prediction was partially
substantiated by tk finding that the genes that regulated the formation of primary follicles from
primordial follicles were NOBOX and Fox&hmidt et al. 2004)FoxI2 was responsible for
differentiating the squamou&Csof primordial follicles into the cuboid&Csof primary follicles
(Schmidt et al. 2004Wwhereas NOBOX was produced by oocytes and accelerated oocyte
development. It was reported that NOBOX null mice had fewer numbers of oocytes than wild type
(Rajkovic et al. 2004These studies therefore indicated that squam@(Ssvere differentiated by
FoxI2, the oocyte was developed by NOB@XJ that NOBOX and FoxI2 played a role in the

transition from primordial to primary follicle.
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Figure 1.2: Regulation during folliculogenesis, adopted froflnight & Glister 2006)

All the growth factors belong to the Transforming Growth Factor (TGF) beta superfamily and work
bi-directionally betweerGCsand theca, and5Csand oocyte. These growth factors exert autocrine
(grey arrow) and paracrine (black arrow) activities through bindiitly type | or Il receptors present

on thecaGCsand oocyte. (AMH: Anti Mullerian Hormone, BMP: Bone Morphogenetic Proteins, GDF:
Growth and Differentiation Factor)

1.3 Steroidogenesim the Follicle

Steroidogenesis is the process where biologicallyvacsteroid hormones are produced from
cholesterol. Although different glands produce different hormones, the basic steroidogenic
pathway is similar with variations due to cell tyg@diller & Auchus 2011)ollicles are one of the
sites for steroidogenesi@nd canproduce steroid hormonem vitro (Bergh et al. 1993; Fortune &
Eppig 1979; Johnson et al. 2017; Lenie & Smitz 2008ay et al. 1998; Nestler et al. 1987; Young
& McNeilly 2012)Production of sexhormones by foltles is essential for the functioning of ovary
and pregnancy maintenang¢gebian 2010)The basic pathway consists of cytochrome P450 induced
production of pregnenolone from cholesterol which can take place eithéneémmitochondra or
endoplasmic reticulum The rate limiting step is the transportation of free cholesterol from
cytoplasm to mitochondria through endocytogidiller 2008; Miller & Auchus 2011; Young, FM,
Micklem, J & Humpage, AR08) Howeverthe steroidogenic pathway involving cytochrome P450
is associated with generation of reactive oxygen species (ROS) which are detoxified by cellular
intrinsic antioxidant glutathione peroxidaséDevne, Perreault & Luderer 2012; Hall 1988;
Hanukoglu 2006 )Although pregnenolone is not a hormone it is the precursor of all other hormones.
FollicularGCgget the supply of cholesterol from low density lipoprotein present in plasma mainly

derived from det (Mason & Rainey 1987Compared toother geroidogenic pathways in different
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glands and organs, ovarian steroidogenesis is complex because the process of hormone production
takes place in two types of cells (thesmad GC3 (Figure 13) present in ovariamollicles(Haggstrom

2014; Miller & Auchus 2011Reroidogenesis starts iftsCsafter CAMP induced expression of
P450scc enzyme which converts cholesterol to pregnendlbtiéer & Auchus 2011; Voutilainen et

al. 1986; Whitelaw et al. 1992; Zebian 201Dereafter pregnenolone is converted to progesterone

08 o0l 1 {5H® tNRISAGSNRYS I Ve GONEI®YhScA 2elistyicB RA T
produce dehydroepiandrosterone (DHEA)ough the activity oP4504.7 (Smyth et al. 1993)his

is acted on by FHydroxy§l SNP AR 5SK&RNER ISy | i&hdresteriediond. A Snalld G 2
fraction of androstenedione is then converted to testosterone by the action of-kédo reductase

1C3 (AKR1C3). Also, testosterone is produce via androstenediol from DHEABy{ 5 mMm® ¢ KS N
the androstenedione then returns to the GC which consitio estronethrough CYP450aromatase
activitytheret FGSNJ G2 SAGNIRA2tf o6& wmtTi |l {5mM dzy RSNJ C{ |
cells also acts as substrate for P45@aataseto produce estradio(Boon & Simpson 2012; Miller &
Auchus 2011; Pruitt 2016; Smyth et al. 1993; Strauss 2014, Strauss, Modi & McAllister 2014; Young,
FM et al. 2012jFigure 13).

Granulosa cell
Cholesterol
P4505eel
3BHSD2
Pregnenolone » Progesterone
I
P450c17f Theca cell Granulosa cell
17-Hydroxypregnenolone
P450c17l
3BHSD2 . P450aro
DHEA » Androstenedione » Estrone
17BHSD11 17[3HSDZIIAKR|C3 17BHSD2 |l 17BHSD1
P450aro
Androstenediol 3BHSD2 » Testosterone » Estradiol

Figure 1.3: Synthesis of steroid hormone in ovarian follicle

Androgens are synthesised from cholesterol in ova&&s Hormone synthesis starts GCdy the
induction of P450see to produce pregnenolone wihiahsfers to theca cells to produce other
androgens; androstenedione and testosterone which are returned t&thgrom converting to
estrogen and estradiol.
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1.3.1 Role of AMH iolliculogenesis

Until puberty, mature antral follicles undergo atresiait lafter puberty, a small number of mature
antral follicles are selected for ongoing development. The gonadotrophins (FSH and LH) stimulate
the antral follicles to develop further into prevulatory follicles(Dewalilly et al. 2016; McGee &
Hsueh D00) In addition to the genes and growth factors described above;Muatierian hormone

(AMH) also plays an important role in two transitional stages; primordial follicle activation and
dominant follicle selectionRigure 14). AMH firstly inhibits the recruitment of primordial follicles

in the growing poo(Durlinger et al. 20023nd secondly inhibits the FSH induced cyclic recruitment

of dominantfollicles by reducing the sensitivity of larger follicles to FSgte 14) (Choi & Rajkovic

2006; Dewallly et al. 2016; Diclemente et al. 1994; Durlinger et al. 2B04)mplest model, small
growing follicles produce androgen to express AR and FSHR to support follicle growth in response
to FSH indirectly by increased production of AMEL et al. (20119ummarized the possible actions

of AMH in the ovary as being inhibition of follicular activation and growth andralsition of FSH

stimulated growth by inhibiting granulosa cell proliferatidgfigure 14).

FSHR

Androgen Aromatase

Estrogen

Primordial Primary Secondary Early Antral

Dominant follicle activation

I Pre-ovulatory

Primordial follicle activation

Figure 1.4 Interaction of androgen, FSH and AMH during follicular growth.

Early devalpment of follicle to early antral follicle is not dependent on FSH while growth of follicle
from antral to ovulation is dependent on FSH. Androgen receptors (AR) preG&wirsecondary

and early antral follicles while FSH receptors (FSHR) are ee¢pie€3C0f larger antral follicles.

FSH contribute to cyclic selection and promotes aromatase activity to increase estrogen production.
AMH play role in primary selection and indirectly in dominant selection by reducing FSH sensitivity
to larger follicks. Androgen stimulates AMH production by the small growing follicles. Image
adopted fromOrisaka et al. (2009ndZec et al. (2011)
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1.3.1.1 Activation of Primordial Follicles

Durlinger et al. (199%xamined the role of AMH in the mouse ovary by comparing AMH null mice
with wild type mice of different aged-ourmonth-old AMH null mice had lower numbers of
primordial follicles andhirteen-month-old mice had almost nprimordial follicles in comparison to

wild type mice. Ann vivostudy in which AMH null mice and wild type mice were exposed to low
and high levels of FSH found that there were higher numbers of growing follicles in the AMH null
mice(Durlinger et al. 2001)These showed that AMH inhibited the recruitment of primordial follicles
into the growing pool so that AMH deficient mice had more growing follicled@mer numbers of
primordial follicles. In a later studpurlinger et al. (200Zpund that mouse ovaries cultured with
AMH in vitro had 40 percent fewer growing follicles somparison to control ovariedt was
indicated that primordial follicle pool depleted gradually in AMH knockout mice resulting in early
cessation of oestrus cycle. This suggested the inhibitory effect of AMH on primordial follicle
activation (Visser & Themmen 2005 another study, ovaries from postnatal day 2 mice were
treated with AMHin vitro and that treatment reduced the number of activated growing follicles
(Choi & Rajkovic 2006) hese studies confirm the concept that AMH has an inhibitory effect on the

activation of mouse primordial follicles.

In a simple model, after primordial follicle activation, oos/teom primary and secondary follicles
produce BMPL5 and GD®. These two transforming growth factors stimul@€go secrete AMH.
The secreted AMH then inhibits and prevents the further recruitment of more primordial follicles

into the growing poo(Knight & Glister 200GJigure 12).

1.3.1.2 Cycli®ecruitment

AMH also has a role in inhibiting antral follicle growth in the cyclic recruitment phase. AMH reduced
aromatase ativity and LH receptor expression in porciaed postnatal ratGCqDiclemente et al.

1994) During the follicular phase, FSH stimulates granulosa cell aromatase activity and induces LH
receptors on theGCqSullivan et al. 1999)n laterin vivostudy, low and high level of FSH in AMH

null mice produced higher number of growing follic{Bsirlinger et al. 2001)rhese studies confirm

the role of AMH in decreasing sensitivity of larger follicles to {€3idi & Rajkovic 2006; Diclemente

et al. 1994; Durlinger et al. 2001)

Thus, AMH controls the primordial folegpool by inhibiting initial recruitmen(Durlinger et al. 2002;
Durlinger et al. 1999; Visser & Themmen 2008)the later stages of folliculogenesis FSH induces

the recruitment of antral folliclegDee 2004; Drlinger et al. 2001; Weschler 200@hile AMH
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secreted by the growing follicles counteracts the stimulatory effects of FSH and prevents the cyclic

recruitment of antral folliclegFigure 12).

1.4 AMH in Anim&Ovaries

A study examining rat ovaries used immunohistochemistry and mRNA in situ hybridization to show
that the expression of AMH mRNA started on postnatal day 3 and was localisediG@#{aarends

et al. 1995) The same study reported that AMH and AMH receptor type Il (AMHRII) mRNA was
expressed by th&Cof preantraland antral follicles, but that corpora lutea and large antral follicles
expressediltle or no AMH or AMHRII mRNBaarends et al. 1995Although AMH mRNA was
detected inGC=f primary follicles the AMH protein was only detected in dreatondary follicles

and AMH protein levels continued to increase to a maximum in large secondary follicles before
declining in small antral follicles. The expression of AMH mRNA was up to 3 times lower in large

antral follicles than small secondary folds(Baarends et al. 1995)

Immunohistochemistry was used to characterise the expression of AMH in ovaries from Tammar
Wallabys acropus eugenii RabMi polyclonal or €0 goat polyclonal antibodies raised against
human AMH were used as primaries and aahbit or antigoat IgG conjugated to peroxidase were
used as secondary antibodies with hematoxylin counterstaining. Primary or transitional follicles
stained weakly whereas secondary follicles stained well for AMH. In early antral follicles, AMH
protein was detected in th6&Cssurrounding the oocyte whereas atretic follicles ceased producing
AMH. This study showed that all mural and cumu@BEsof antrd follicles synthesized AM{Pask

et al. 2004)

Mouse antihuman AMH antibody (clone 5/6) was used to examine the role of AMH in transition of
primordial to primary follicles ipolycysticovaries ancdhormo-ovulatory ovariegStubbs et al. 2005)
Ovaian sections were incubated with mouse antihuman antibody. Expression of AMH was positive
in primary follicles but relatively less intense in primordial and transitioning follicles. Also there was
less AMH positive staining in primordial and transitiorfolticles of polycystic ovaries in comparison

to normo-ovulatory women(Stubbs et al. 2005)'he mouse antihuman AMH antibody could stain
AMH in follicles at all stages of development and staining was strongé&igstubbs et al. 2005)

The above findings suggest that AMH is produced by the growing follicles (primary to small antral

follicle) untilthe dominant follicle is recruited for further maturation and ovulation.
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1.5 AMH in Human Ovaries and Serum

Gonadal tissues from 135 patients aged from 6 weeks post conception to 38 years of age were
collected from two hospital archives to examine thgmssion of AMH by immunohistochemistry
using monoclonal mouse adtuman AMH primary antibody. Early ovarian samples (9 to 34 weeks)
did not express AMH because there were only primordial and primary follicles. AMH was detected
in ovarian tissue at 36 wés of gestation in secondary follicles where the oocyte was surrounded
by cuboidGCghat expressed AMKRajpertDe Meyts et al. 1999)

In another study, the expression of AMH in ovarian sections collected from 12 normally cycling
women of 19 to 44 yeansas investigated by immunohistbemistry. There was no AMH expression

in primordial follicles, weak or little expression in 74% of prinfalticles and the highest expression
ga F2dzyR Ay &aSO2yRIFENEBIX LINBFYOINrft FyR avYlFtt I
gradually reduced in larger-8 mm in diameter) antral folliclgdVeenen et al. 2004aHanna et al.
(2006)measured the AMH levels in follicular fluid by using the DSL AMH ELISA kit and found that
the average concentration of AMH in human antral follicular fluid was 4 ng/mL (rang&6p.Bhe
concentration of AMH decreased with increasing follicular size and the concentration was nil in
follicles larger than 9 mrfHanna et al. 2006)n summary, in humans AMH is produced by primary,

secondary and small antral follicles.

La Marca et al. (2006neasured serum levels of AMH using the AMH/MIS ELISA kit from
Immunotech in 12 women 18 to 24 years of age by taking blood samples every day during the
menstrual cycle. It was found that tdVIH level was lowest (3.4 = 1.1 ng)) at day 14 and highest
atday 12 (3.8 + 1.2 ngil), but the difference between the highest and lowest AMH levels was not
significant. In another studiiehenkamp et al. (200&xamined blood AMH levels using the AMH
DSL ELISA in 44 menstruating womenr42years) across seven menstrual cycles and reported that
the AMH levels were not significantly different from cycle to cycle or within a single myctel.

These two studies demonstrated that the menstrual cycle did not have any effect on serum AMH

levels in healthy fertile women.

Kelsey et al. (201Xeviewed 3,260 published data points (including their own data) to develop a
validated model of serum AMH concentrations from conception until menopause. Analysis of all the
published data showed that AMH legalecreased after birth and started to increase after two years

of age to reach the peak level at 24.5 years of age, after this serum AMH concentrations decreased

until menopause. In another study, AMH levels were measured in blood samples from 17,120
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women of 24 to 50 years of age in the United States of America. It was found that AMH levels
declined with increasing age at a rate of 0.2 ng/mL/year until 35, 0.1 ng/mL/year from 36 to 40, and
0.1 ng/mL/year after 40 years of a¢®eifer, Baker & Leader 2011) general, AMH levels become
measurable shortly after birth and continue to increamtil they reach a peak when women are in
theirmid20Qa = GKSy RSOfAYyS GKSNBFFUSNI dzyiAft YSyz2Ll

In humans, the maximum number &f million ovarian folliclesis found in thefoetus at mid-
gestation. This number then declines to 2 million at birtHf hamillion atpuberty, 25 thousands at

the age of 37 years, and less than one thousandnahopause(Wallace & Kelsey 2010This
progressive decline in follicle count with age is due to follicataesia.Van Rooij et al. (2002)
examined serum AMlkevels and numbers of antral follicles in 130 patients undergoing IVF, on day
3 of a normal cycle. The numbers of antral follicles were determined by ultrasound. It was found
that the serum AMH levels were dependent on the antral follicle numberganoter study,La
Marca et al. (2005¢xamined the origin of serum AMH 24 women of late reproductive age of 44

+ 2.8 years, 14 menopausal women of 56 * 4 years and 9 rggajeling women of 43 £ 4 years
who underwent oophorectomy. Blood samples were collected before and after surgery. AMH was
undetectable in 2 out of 24 late reproductive aged women and undetectable in 13 out of 14
postmenopausal and all oophorectomy womerhis indicated that AMH could be only from the
ovarian origin. Henceesum AMH levels can be used as an indirect marker that reflects the number

of follicles transitioning from primordial to antral stage.

1.5.1 AssociatioBetween AMHLevel andFertility

Initially serum AMH levels were used as an indicator of granulosa cell tufrekmans et al.
2008) but recently, serum AMH levels have been used as a predictor of ovarian reserve. The
relationship between AMH and follicular reserve was examined by comparing AMH null mice with
wild type miceat different ages (25 days, 4 and 13 montfBurlinger et al. 1999) This study
reported higher number of preantral and small antral follicles in the 25 days and 4 months old mice
but fewer numbers of primordial follicles in the 4 and 13 months old mice tlemewompared to

wild type(Durlinger et al. 1999)T'his suggested depletion of AMH abbk associated with depleted

follicular reserve which subsequently can shorten reproductive life.

Gnoth et al. (2008¥escribed a correlation between AMH levels and the response to controlled
hyper stimulation (COH) in 318 vitrofertilization (IVF) patients. The average AMH level was 1.7

2.9 ng/mL, but when AMH levels were |¢isan or equal to 1.26 ng/mL, four oocytes were retrieved
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98% of the time. This study showed that there is an indirect relationship between AMH, follicular

reserve and COH response.

Polycystic ovary syndrome (PCOS) is a common disorder of folliculogématdesats to infertility
through the production of more small antral but fewer large ovulatory antral folligsbber et al.

2003) The ovarian abnormality in 32 PCOS patients (16 with normal regular cycles and 16 with
oligomenorrhoea) was compared to 24 women with normal and regular c{Mlebber et al. 2003)
PCOS patients in both groups had higher numbers of growing primary follicles but decreased
numbers of primordial folliels compared with controls. Also anovulatory PCOS patients had six
times higher numbers of small antral follicles than ovulatory PCOS paf\etisber et al. 2003)

This results supporteBurlinger et al. (1999 that they suggested an intrinsic factor contributing

to the depletion of follicular reserve in PCOS patients.

Stubbs et al(2005) examined the effect of AMH on follicular progression from primordial to primary
follicles in the ovaries of PCOS patients. Tissues from 16 polycystic ovaries were collected and AMH
expression in 1403 follicles examined. The AMH positive primosthdl transitional (from
primordial to primary) follicles in polycystic ovaries and normal ovaries were 32% and 74%
respectively. In another studyigny et al. (2006)sed the Gen Il ELISA to compare serum AMH
levels in 73 PCOS patients with 96 controls. The AMH levels in BED&@nd controls were 81.6

and 33.5 pmol/L which was significantly differe@atteautJorard et al. (2008)dentified the
increased expression of AMH protein ®Csfrom small follicles in POCS patients compared to
controls. In that study, follicular fluids were collected from follicles of 8 to 13 mm af2¥vm in
diameter. The proteins wer purified, the concentratiosn were determined, and the samples
examined by western immunoblot using an anti AMH monoclonal antibody. It was found that the
AMH levels were higher in the follicular fluid of PCOS patients than in the control group. Together
these studies indicate that higher serum AMH levels in PCOS patients may have inhibited the

recruitment of primordial follicles to the growing pool.

Ly t/h{ 0GKSNB Aa |antaldtg @idéihe folliclesSdb Ndt @ndeig® atrésia R
(Webber et al. 2003)This means that follicles underwent primary selection, but cyclic recruitmen
is stopped. Therefore, th&Cgresent in these groups of small antral follicles produces more AMH
(Catteai-Jonard et al. 2008)with subsequent inhibition of dominant follicle selection by
counteracting the stimulatory effect of F$€hoi & Rajkovic 2006; Diclemente et al. 1994; Durlinger
et al. 2001, Visser et al. 26D
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1.6 Effect of Chemotherapy o@varianFollicles

The most commonly occurring cancers among women worldwide are breast, lung, thyroid, colon,
uterine, HonHodgkin lymphoma, pancreatic, ovarian, liver and stomach carfterse et al. 2015;

Torre et al. 2016)Breast cancer is the most diagnosed cancer among women worldwide, an
estimated to 1,67@00 new cases in 2012orre et al. 2015)Diagnosed cancer patients are tredt

with different chemotherapeutic§Gnaneswaran, Deans & Cohn 2012; Kim, Klemp & Fabian 2011,
Park et al. 2013; Plowchalk & Mattison 1992; deaton, M. et al. 2007; Yucebilgin et al. 2004)
After administrationof chemotherapeutics, these drugs reach the target organ, and other non
target organs through systemic circulation. Hence, it is possible that chemotherapeutics may have
unwanted cytotoxic effects on ovary and ovarian follicles to alter the fertility ofnen of
reproductive ag€De Vos, Smitz & Woodruff 2014; Devine, Perreault & Luderer 2012; Johnson et al.
2017; Laronda et al. 2014; Luderer 2014; Salama & Woodruff 2017; Shea, Woodruff & Shikanov
2014; Xiao et ak015)

Schmidt et al. (2005kryopreserved cortical ovarian tissues from 22 patients before starting
chemotherapy with a range of treatment regimenwith different combinations of
cyclophosphamide, epirubicin,-fluorouracil, methotrexate, adriamycirhleomycin vincristine,
dacarbame, hydroxydaunorubicin and etoposide. Ovarian function was characterized by
ultrasonography on the remaining ovaries after chemotherapy to measure the ovarian volume, and
to count antral follicles. Nine out of 22 patients had no antral follicles, wigttiam volume less than

1.3 cubiccentimetre indicating ovarian failure whereas 59% patients had 6 antral follicles with
normal ovarian function. In another study, the effect of chemotherapy on primordial follicle reserve
was examined in 26 patients. Ofetbe, 10 had received chemotherapy either with alkylating agents
(n=5) or noralkylating agent (n=5) previously and 16 patients had not been exposed to
chemotherapy previously. Primordial follicles in every fifth section of the ovarian tissue were
counted.The numbers of primordial follicles were 5.4 + 1.32 and 9.6 £+ 2.2 in ovarian cortical pieces
collected from chemotherapy and control patients respectively (p=0(Q&tay & Oktem 2007)
Patients treated with alkylating agents had fewer (2.9+1.1) primordial follicles in comparison to the

patient treated with noralkylating agents (7.9+1.6) (p<0.05).

The effect of chemotherapy on fertility is dependent on a nembf factors such as age of the
patient, dose and number of cycles of chemotheréigim, Klemp & Fabian 2011; Xiao et al. 2017)

For example, every cycle of cyclophosphamide can decease the reproductive age of a woman by 1.5
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to 3 years. Therefore, a patietreated with cyclophosphamide 2.4 to 3 g#rfor 3 to 4 months will

lose the equivalent of 10 reproductive yedisim, Klemp & Fabian 2011Ihe toxic effects vary
according to tle chemotherapeutic agents; alkylating agents such as cisplatin procarbazine,
cyclophosphamidand the nitrosoureas are toxic to ovaries at high do€&saneswaran, Deans &

Cohn 2012)

1.6.1 BreastCancer andrertility

In Australia, there were 15,050 breast cancer female patients in 2012 of which oneverdbelow

the age of 5qFerlay et al. 20158imilarly, in the United States, 30% of cancers are breast cancer ,
estimated to 180,000 per ye@beSantis et al. 2014)nlike deeloped countries, the breast cancer
survivors in Asian countries are about 12 years younger. It has been reported thatfonr breast
cancer patients are below 35 years of d@eng et al. 2014Reports indicated thatwith improved
diagnosis and treatment, the five year survival rate for breast cancer has incrigase8O to 90%
(Ferlay et al. 2015; Morgan et al. 201®hich means that there are higher number of
premenopausal breast cancer survivor female patigf@sruss & Woodruff 2009; WalteryX&
Woodruff 2017)

Chemotherapy related amenorrhea (CRA) was examined in a follow dp stu44 early stage
breast cancer patients of 21 to 51 years old (mean age 40 years) who were exposed to different

chemotherapy regimens as shownTiable 11 (Anders et al. 2008)

Table 1.1: Chemotherapy regimebreast cancepatients were exposd to in study byAnders et
al. (2008)

Chemotherapy regimen Number of breast
cancer patients
Adriamycin+gclophosphamide (AC) 13

AC followel by Bxol

Docetaxel

AC followed by 8xotere

Dose dense AC

AC with neo adjuvant Taxol andl&la
5-Fluorouracil+girubicin+Cyclophosphamide

Docetaxel+&rboplatin+Trastuzumab with adjuvant AC

Q| | P A~ W 01 0 ©

Trastuzumab
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Serum AMH levels were measdr at no more than three weeks before starting chemotherapy,
three to seven weeks after chemotherapy, six months and one year after completion of
chemotherapy. There were significant differences in-pnemotherapy serum AHM levels between
women less thar85 years of age and above 35 years of age (2.72 vs 0.47 ng/mL, p<0.0001). After
three to seven weeks, serum AMH levels sharply declined to 0.03 ng/mL in both groups but the
decline was more pronounced in the older woméAnders et al. 2008)After 5 months of
chemotherapy, although the AMH levels slightly increased to 0.26 ng/mL for the younger women,
one year post chemotherapy the AMH levels were similaoth groups (0.03 ng/mL vs 0.07 ng/mL)
(Anders et al. 2008)n addition, it was reported that the risk of CRA increasadbmen with lower
pre-chemothelapy serum AMH levels. This study indicated that besides chemotherapy there is a

inverse relation between serum AMH level and age of the women.

In another studyPartridge et al. (20103ompared markers to predict the ovarian reservie20
women (mean age 36.8 years) who survived early stage breast cancer with controls (n=20, mean
age 36.9 years)Breast cancer patients were treated witine of the following chemotherapy
regimens(Table 1.2).

Table 1.2: Chemotherapeutic regimens patientgere exposed ton study byPartridge et al.
(2010)

Chemotherapy regimes Number of
patients
Adriamycin+ cyclophosphamide (AC) 9

AC followed by dense paclitelx 8
AC followed by paclitaxel 1
1

High dose Adriamycin followed by
cyclophosphamide+methotrexate+ffiorouracil

High dose Adriamycin followed by 1
cyclophosphamide+adriamycin-biorouracil

Ovarian reserve was predicted by antral follicle count (ARG)H, FSH, inhibin B (InB), and E2
(Partridge et al. 2010)All of these markers showed different values for control and treatment
groups. For example, the contedhad higher values for antral follicle count (9.5 vs 6), inhibin B
(33.09 vs 11.54pnd AMH (1.35 vs 0.43) but were lower for FSH (6.9 vs 9.0) and E2 (38 vs 44.26)

(Partridge et al. 2010However, although all these markers showed different values from controls,
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the differences in AMH levels showed the highest statistical signdegaand this indicated a better

marker to predict ovarian reserve after chemotherapy.

Chemotherapeutic effects on serum AMH levels were followed up for five years in 42 breast cancer
patients and compared to 14 women with breast cancer but without chem@thy (control group).

33 women remained in the study for five years but others were withdrawn due to disease
recurrence, oophorectomy or hysterectonffnderson & Cameron 20113erum AMH levels were
measured once a year for the study period of 5 years-tf@ment serum AMH levels were
1.29+0.21ng/mL and 0.74+0.15 ng/mL for the chemotherapy and the-olemotherapy group
respectivelybut the serum AMH levelbdeclined to undéectable limits (0.09+£0.02 ng/mlafter five

years in contrast to the norchemo group in which serum AMH levels remainetthanged
(0.22+0.11 nghl). In both the groups the serum AMH level declined gradually, but the extent of
decline was higher in the chemotherapy gradmderson & Cameron 2011)

Ovarian exposure to chemotherapeutics used for treating breast cancer has been reported to cause
premature ovarian failuréeading to infertility.The most diagnosed cancer among female is breast
cancer which is commonly treated with chemotherapy regimen comprisinglaxorubicin
(Adriamycin) and cyclophosphamide. Hence, this chemotherapy reguaebeen chosen to apply

in this project to expose to murine ovarian follicle to examine thairect effect of this

chemotherapyregimen on ovarian follicular cell viability and hormone synthesis.

1.6.2 OtherCancers andrertility

Many haematological cancers affect young patientewvill have their postancer quality of life
adversely affected by infertilitySerum AMH concentrations were used to predict the ovarian
reserve after chemotherapy in 25 haematological cancer survivors of 20 to 35 years and in 42
controls of mean age 29 years (normevulatory women)(Fong et al. 2008)Patients were
allocated to, group A (n=13, mean age 29.4 years) treated with either alkylating agents such as
procarbazineand ifosfamide (n=10) or nealkylating agents such as methotrexate addrubidan

(n=3) and group B (n=12, mean age 25.3 years) who underwent stem cell transplantation followed
by total body irradiation in association with high dose (60 mg/kg) chemotherapy with procarbazine
(Fong et al. 2008) Prechemotherapy serum AMH levels weted, 0.9 and 2.1 for group A, B and
control patients but after chemotherapy serum AMH levels were 0.3, 0 and 1.3 pg/L respectively.
This study suggested that radiotherapy in conjunction with chemotherapy with alkylating agents

reduced serum AMH levels mottean chemotherapy with alkylating agents alone.
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In another study, the level of AMH was measured before and after chemotherapy in 17 women of
19 to 35 years of age. Patients were diagnosed with different types of cancers including breast
Ol Y OSNE lymghBria]nbd/ 2RITAY Qa f@8YLK2YIl S FYyR 9¢Ay3 &
different chemotherapeutic agents including bleomycin, etoposide, doxorubicin,
cyclophosphamide, vincristine, procarbazine, prednisone, methotrexate, teniposide, camustine,
prednisore, rituximab etopophos,epirubicin, docetaxel, $lurouracil, dactinomycin and ifosfamide

in different combinations. The serum AMH levels decreased from 2.7 = 1.0 to 1.1 * Q6afipr

the first cycle and to 0.4 + 0.4 ngL after the second cyclRos&dahl et al. 2010)AMH levels were
measured before, during and after administration of either adriamycin, bleomycin, vinblastine,
dacarbazine (ABVD group) or cyclophosphamide, to 30 young women (average age 24 years) with
lymphoma. The AMH levels declthesharply after starting chemotherapy and this decrease
continued until the end of chemotherapy. AMH levels started to increase 3 months after competing
chemotherapy for all women except those who were treated with cyclophosphatbideanter et

al. 20D). Findings thus suggest that chemotherapy reduces the level of serum AMH among patients

irrespective of cancer types

1.6.3 Effect of Chemotherapy on Serum AMH Level

Since serum AMH is an indirect indicator of ovarian reserve it has been used asa fiorafdetility.

Oktay et al. (2006)measured AMH levels in three breast cancer patients before dtet a
chemotherapy and found that AMH levels declined after each course of chemotherapy. In another
study, fifty premenopausal women of 28 to 52 years of age with breast cancer were recruited for
assessing the effect of chemotherapy on AMH le@&iglerson et al. 2006 he chemotherapeutic

treatment reginen differed from patient to patientTable 1.3)

Table 1.3: Chemotherapy regimenisreast cancepatients were exposed tan study byAnderson
et al. (2006)

Number of | Duration

Regimen Chemotherapeutics patients (wks)

5-fluorouracil + epirubicin +

FECT cyclophosphamide followed by docetaxe 24

CME Cyclophogphamide methotrexate+ 5- 3 18
fluorouracil

E-CMF (Nokrtrial) Epirubicin followed by CMF 10 24

ECMF (Trail of

accelerated Epirubicin followedy CMF 8 28

chemotherapy: TAQT
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AMH levels were measured before, during and 6 months after completion of chemotherapy. Before
initiation of the chemotherapy, the AMH levels were correlated to the age of the patients and
demonstrated a negative correlation (rc®.45, P = @04). During the treatment period of 12
months, AMH levels fell sharply from 1.13 £ 0.63 ng/mL to 0.15+0.04 ng/mL after 12 months. There
was also a fall in antral follicle numbers from 5.8+0.7 to 2.1+0.3 after 12 months and a related
reduction in ovarian ®@lume from 4.3£1.3 to 3.0+0.@\L (Anderson et al. @06). Six months after
completion of chemotherapy the AMH levels were found to increase grad(ratigerson et al.
2006) In later study, serum AMH levels of 22 breast cancer patients of 22 to 42 years of age were
measured before and after chemotherag@ingh et al. 2007) Two chemotherapeutic regiens

were used; the first consisted of epirubicin, cyclophosphamide, methotrexate -findmuracil and

the second consisted of-fiuorouracil, epirubicin and cyclophosphamide. The serum AMH levels
before and after chemotherapy (regimen 1) were 6.77 + ag/mL and 0.95 = 0.34 ngiL
respectively(Singh et al. 2007)

AMH is produced by growing follicles before being recruited for dominance. It is thus possible that
chemotherapy Kills the proliferatinGCsn growing follicles and thus AMH productiorrésiuced.

As a secondary effect of decreased AMH level, more of the follicles are activated and are killed by
subsequent chemotherapy cycles. Hence the ovarian reserve is declined and fewer numbers of

follicles grow to the antral stage.

1.6.4 FollicleBurn-out the Ovary

Women have a fixed number of dormant primordial follicle laitth and the number of resting
primordial follicle in ovary at any stage of life indicates the reproductive lifespan of a wgrimaitay

etal. 2015b, 2015a, 2015c; Liew, Vaithiyanathan & Hutt 2016; Tremellen & Savulescu 2014; Wallace
& Kelsey 2010PDuring puberty, aradolescent girl has 180,000 resting primordial folsdéwhich

a small group offollicles are being recruited to grow to rpduce mature egg through the
reproductive age Naturally, the number of primordial follicle at menopause reach to 1000
(Gougeon 1996; Kelsey et al. 2011; McLaughlin et al. 2015; Wallace & KelseyA0dle
surrounded by layers d&Csgrow through folliculogenesis under tight regulation by AMH, growth
factors, gonadotrophins and hormon@snight & Glister 2006; Orisaka et al. 2009; Zec et al. 2011)
During folliculardevelopment,GCsproliferate and support the growth of oocyte. However, when
chemotherapy is used to treat cancers, chemotherapies are also exposed to ovarian follicular cells
and killproliferating GCs in growing follicléBevine, Perreault & Luderer 2012; Mahajan 2015; Raz

et al. 2002) but GCs of secondary follicles synthesize AMH which regulates the follicle reserve in
38



ovary (Kollmann et al. 2015; Visser et al. 20@8) inhibiting primary activatiorof dormant
primordial follicle and inhibiting cyclic recruitment of antral folliclésr dominance(Dee 204;
Diclemente et al. 1994; Durlinger et al. 2001; Knight & Glister 200®yefore, m exposure to
chemotherapy proliferating GCsare killed and the sources of AMH is remowellich thereafter
activates more of the resting primordial follicles into tgeowing pool which are being killed by
subsequent chemotherapy cyclé@sgure 15) (Baarends et al. 1995; Stubbs et al. 2005; Woodard &
BolcunFilas 2016)Also, the death of5Cdeads tothe death of oocytgHughes J R, M & C 1991,
Liew, Vaithiyanathan & Hutt 2016)Vith the continuation of chemotherapy cycles, this cycle of
primary activation of follicles and apoptosis of proliferating G@#inue and leado follicle bun

out of the fixed number of resting follicles in the ovary to causaratire ovarian insufficiency
This suggst that follicle burn out is one possible hypothesis in explaining the reduction of primordial
follicle reserve after chemotherapyAlso, ooctes in resting primordial follicles are extremely
sensitive to DNA damage on exposure to chemotherape(itio et al. 2013; Kerr, Jeffrey B. et al.
2012; Kerr, Jeffrey B et al. 2012; Kim et al. 2013; Meirow 204D) The DNA damage induced loss
of primordial follicle is not reversed even after survival from cancer after chemothdkagry, Jeff

B et al. 2012)This means that on exposure to chemotherapeutics ovarian resarpeimordial
follicles is reduced because of DNA damage of resting oocytes while growing follicles are killed by

chemotherapy cycles to reduce the reproductive age of women.
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Figure 1.5: Normal reproductive cycle (A) areffect of chemotherapy on ovarian follicle and

AMH production (B)

Small group of dormant primordial follicles are recruited in the growing pool to grow further to
secondary follicle stage which produce anti Mullerian hormone (AMH) which inhibits thigmecrt

of primordial follicle to maintain follicular reserve and fertility before menopause (A). on exposure
to chemotherapy, removal of AMH synthesis source due to kill of prolife@@ga growing follicles
results recruitment of more primordial figlles and subsequently killed by following chemotherapy

cycles (B).
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However, the direct effestof chemotherapeutics on ovarian folliclesvegenot been examinedn
vitro. Therefore, this PhD project aims txamine the direct effects of chemotherapeutios
murine ovarian follicular granulosa cell viability and hormone synthesis to better understand

infertility among cancer survivors.

1.7 AnimalSudies ExaminingChemotherapy andrertility

Female mice were exposed to cyclophosphamidataaperitoneal (IP doses of, 75, 200 and 500
mg/kg body weight in normal saline. Differential follicle counts were done on serial sections of
ovaries after 1 to 14 days treatment. Cyclophosphamide significantly decreased the numbers of
primordial and antral follicle@Plowchalk & Mattison 1992The response was dose dependent and
after 3 days all the primordial follicles were destroyaftier administration of the 50éng dose.
Growing follicles demonstrated less sensitivity to cyclophosphamide but the total ovarian volume
was reduced by 30 to 40% by one dafyer administration of the 50€0g dose. Morphometric
examination suggested that folliculaolume loss was due to loss of antral follicles, corpora lutea

and interstitial tissu¢Plowchalk & Mattison 1992)

Cyclophospamide is detoxified in the body by glutathione peroxidise, an intrinsic antioxidant.
Depletion of glutathione after treatment with cyclophosphamide increased granulosa cell apoptosis
in rats(TsaiTurton, M. et al2007) A human granulosa cell line (COV434) treated with buthionine
sulfoximine to inhibit glutathione synthesis was-tteated with 4hydroperoxycyclophosphamide
(4HPGQ@P) and this caused significant induction of granulosa cell apoptd@saiTurton, M. et al.

2007) These studies suggest that chemotherapy with using cyclophosphamide may increase

oxidative stress, decrease antioxidants and increase granulosa cell apoptosis.

Paclitaxel is a widely used to treat last cancer. Paclitaxel 7.5 mg/kg or cisplatin 5mg/kg were
administered to rats and after 7 days the ovaries were collected and stained with haematoxylin and
eosin to enable enumeration of the primordial follicles. The numbers of primordial follicles in the
control, paclitaxel and cisplatin groups were 28.16.1, 10.3:13.0 and 13.%15.2 respectively
(Yucebilgin et al. 2004The effect of pelitaxel on fertility was examined in rats by administering
five doses of Paclitaxel at a dose of 5 mg/kg to rats every 3 days. The patigated and control
animals were sacrificed and the numbers of follicles in ovarian sections were examine@xBacli
reduced the antral follicle count significantly but did not significantly affect the primordial and pre
antral follicle counts. This indicated that paclitaxel was not toxic to small or medium follicles but

was only toxic to large follicldgarumi et al. 2009)
41



In 2009, the potential for lactoferrin to prevent ovarian damage caused by cyclophosphamide was
evaluated. Lactoferrin is a mitlerived natural compound that has therapeutic actions against
microbial infectionsaandis believel to have activity in preventing cancer development. In the study
conducted by Horiuchi et al. (2009) 2% bovine lactoferrin was @@ministered with
cyclophosphamide 200 mg/kg every alternate week for 24 weetenbale mice. Control group was
administered 2% bovine serum albumin instead of lactoferrin. After 8 and 24 weeks of treatment,
the expression of Adamts 1 mRNA and Sohlh 1 mRNA were significantly reduced in the control
group in comparison to lactoferrin gup. Adamts 1 is expressed by preovulatory follic@&sand

thus its expression is indicative of viald€san the growng follicle pool. On the othdrand,Soh1h

1 is expressed by oocytes in primordial follicles. Once primordial follicles are recrthited,
expression of Sohlhl disappears. Hence Sohlhl and Adamts 1 expressions are markers for the
dormant and growing follicular reserve. Cyclophosphamide suppressed the expression of these two
genes and lactoferrin exerted a protective effect against cyedsphamideinduced follicular
depletion. Lactoferrin promoted expression of Adamts 1 which is associated with follicular granulosa

cell viability.

Ovarian toxic effects after 5 weeks treatment with single dose of busulfan and cyclophosphamide
were evaluatel by examining histological sections of ovaries from 28 mice. Germ cells were
completely depleted in 13 out of 28 mice and the remaining 15 mice exhibited about 90% depletion
of primordial and growing follicles in comparison to contr@ark et al. 2013) The effects were

irreversible, because 15 weeks after ceasing treatment, 22 mice still did not produce any embryos.

Damage to the ovary and depletion of follicles were examined after 12h and 7day of 5 fluokouraci
(5-FU) infusion at a dose of 150 mg/kg to micambouras et al. 2018Resting follicleounts was

not affected but the number of growing follicles (secondary and antral) immediately but restored
at normal level after 7 days suggesting acute ovarian toxicityraf but is not associated with

long term infertility of female cancer survivors.

Above studies clearly suggest the etexicity of chemotherapies which were measured in terms of
ovarian follicle (primordial and antral) count but the effect of chemotherapies on growing follicle,
follicular GCsand hormone synthesis are poorly understborhe prevention of cytotoxicity of
modified chemotherapy regimens on follicular cell viability may help in conserving fertility among

cancer survivorand improving living standards.
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1.8 Development ofOvo-protective Chemotherapy

Previous sections (15.to 1.6.4) described the detrimental effects of chemotherapy on fertility.
Among the chemotherapies, mostly used regime the combination of doxorubicirA@driamycin

and cyclophosphamide (AQG¥anz et al. 2017Guo et al. 2011; Nahleh et al. 2016; Shulman et al.
2014; Singh et al. 2017; Swenson et al. 20@3xh exert their effect by killing cancer cebigt at

the same time generates reactive oxygen species (R@i) is responsible for adversdfects
includingcardiomyopathy, amenorrhea, and infertilitaya et al. 1990; Detti et al. 2013; Goodman

& Hochstein 1977; HimelstelBraw, Peters & Faber 1978; Kalyanaraman et al. 2002; Minotti, Cairo
& Monti 1999; Oktay &ktem 2007; Singal & Panagia 19@#btail discussed in chapter 6). Some
preliminary studies suggest that concomitant administration of antioxidants can have beneficial
effects in neutralizing ROS generated by AC and subsequently reduces chemotherapgdindu
adverse effets (Figure 14). Among various antioxidants, below antioxidants were reporteddoe

antioxidant property, cytotoxicity andigherbioavailability.
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Table 1.4: List d potential antioxidants

Antioxidant Properties References
Alpha tocopherol (aToc) Serum concentration is Lu, G et al. (2010)
highest

Gamma tocopherol (gToc)

Delta tocopherol (dToc)

Q10

These antioxidants were therefommnsidered teexpose tocancer cell§MCF7 and KGMndto

Coadministration with
doxorubicin reduced
cardiotoxicity
Coadministration with f
fluorouracil, adriamycin anc
cyclophosphamide did not
have any cardioprotective
effect

Reduced the incidences
prostate and bowel cancer
Dominant form in human
diet

Low level of gToc increase
cardiovascular problems
Inhibited lung carcinoma
cell growth

Inhibited breast, colon and
prostate cancer

Inhibited lung carcinoma
cell growth

Increased preapoptotic
proteins

Cardio protective

Stimulates immunity
Suppress cancer cell growt

Breast cancer treated with
chemotherapy reduce®10
in blood

Supplementation with
390mg Q10 reduced the
tumor size

(Myers, McGuire & Young
1976; Myers et al1977)

Legha et al. (1982)

Blot et al.(1993)

Baumeister et al. (2009)

Lu, G et al. (2010)

Smolarek, AK and Suh, N
(2011)
Lu, G et al. (2010)

Smolarek, AK and Suh, N
(2011)

(Baggio et al. 1994; Overva
et al. 1999; Pepping 1999)
(Folkers et al. 1993;
Lockwood et al. 1994)
(Folkers 1974; Folkers et al
1978; Lockwood et al. 1995
(Lockwood et al. 1994;
Portakal et al. 2000)

(Lockwood et al. 1994)

folliclesto examine theireffects on cell viabilitand hormone synthesis
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1.9 Ovarian Disaggregation tblarvestFollicles

To study the direct effects of chemotherapeutics on follicles, it is necess@glate follicles from
murine ovariesefore exposurdo chemotherapeutisin vitro. An ovarian disaggregation method
requires the enzymatic or mechanical disaggregation of ovarian extracellular matrix in which follicles

remain embedded.

1.9.1 Ovarian Extracellular Matrix

The ovarian extracellular matrix (ECM) provides theroeicvironment for the development of
follicles(Salani et al. 200@nd is composed of amorphous and fibrous compondntsivq follicles
remain embedded in ECM of ovamhich consist otollagen, tenascin and proteoglycai@alani et
al. 2007; Salvetti et al. 2003; Woodruff & Shea 200mRg cellular compartments of an ovarian
follicle GCscumulus oocyte complex, basal laminae and theca)¢wlisever areembedded in the
ECM of the folliclavhich consists ofollagen, hyaluronic acid and fibrinogé@omes et al. 1999;
IrvingRodgers et al. 2010; Rodgers et al. 1998; Rodgers,-Radgers & Russell 2003; van Wezel,
Ingrid L & Rodgers, Raymond J 19@®)llagen provides fibrous structswith elasticity aproperty
that is required foithe spatial development of expanding follicl@$ough collagen | is abundant in
ovarian tissue, collage IV medominantin the theca cell regionfWoodruff & Shea 2007)
Dysregulation of thevarianECM was reported in breast, ovarian, colorectal and pancreatic cancers
and tenascin C, procollagen | and Il and collagen 1V were found ttatacihe development of

tumors in ovarian cance(Salani et al. 2007)

1.9.2 Ovarian Tissue Disaggregation Methods

Isolation of follicles from ovarian tissue requires the breakdown of ovarian extracellular matrix
(ECM)Composition oECM varies between species and depends on age of the animadaiiditon

may include differene inproportions ofproteins, collagens, glycolipids and lipids. Also, the ovaries
of younger mice (prgubertal) are less fibrous than older midee to presace of higher amount

of collagemandtherefore follicle isolation from younger mice is eagieorphin et al. 2012; Kagawa

et al. 2007; Kristensen et al. 2010; Picton, H et al. 2087ollicles from post pubedl mice would

be better model forexposing chemotherapy to follicles.

Two methods are commonly used for isolating and collecting follicles from mouse ovarian tissue;

enzymemediated disaggregatioand mechanical disaggregation using needlexb(e 15).

45



Table 1.5: Summary of ovarian disaggregation methods

Publication | Method Yield of Method
Follicles
Torrance, | 1.5 mgimL | Not provided Half ovaries from10day old mice were
Telfer and | Collagenase incubated in a 10 mtube containing enzyme
Gosden | type |l + in medium with gentle rotation a87°Cfor 30
(1989) DNasd minutes. After incubation follicles wer
40U/mL pelleted out at 10e200 g and resuspended in
3 mLmedia
Hulshof et al.| Mechanical | 2918 pre Each ovary was dissected into small section
(1994) antral a petri dish containing 10mL PBS anc
follicles per | fragments were transferred into a tub
bovine ovary ' containing 10 rh PBS and resuspended f
suction aspiration. The upper suspension v
decanted to a centrifuge tube and follicle
were pelleted out at 70g for 5 min an
resuspended in 1hLPBS.
Cortvrindt, R, Mechanical  30-40 early | Ovaries from 121 dayold mice were placed i
Smitz, Jand (25.59g preantral 500 pL L15 media and dissected with 25.
Van needle) follicles per | needle to release follicles.
Steirteghem, mouse ovary
A (1996)
Eppig and | Mechanical ' Not provided Punching out of antral fallles from ovaries o
Schroeder 16-28 dayold mice
(1989)
Spears et al.| Mechanical Not provided Murine ovaries were dissected in mediangs
(1994) fine and sharp needles to isolatgreantral
follicles of 190+10um diameter.
Boland and | Mechancal | Not provided | Microdissection of ovarian tissue frogd-day
Gosden old mice to isolatgreantralfollicles of 180+1C
(1994) pum
Eppig and | 0.1% crude | Not provided| Oocytegranulosa cell complexes were isolat
O'Brien collagenase from mouse ovaries using 0.1% cru
(1996) +0.02% collagenase and 0.02BNase
DNase
Park etal. = Mechanical | Not provided Secondary follicles were dissected out
(2005) ovaries using 1 mL syringe needles
Enzymatic | Not provided  Ovaries were exposed to collagenase | (600
and DNasel in PBS for 30 minutes &7°C
before repeated pipetting to isolate follicles.
Dolmans et | Collagnase | 263 follicles = 1 mg/mL collagenaseype |IA or 0.04 mghL
al. (2006) |typel per human Liberase Bndzyme 3 in 1onLPBS a87°Cfor
ovary section 60 minutes with mechanical disruption usil
of 2.5 X 2.5 | pipette. Tissue disaggregation was stopped
to 10X8 mm | addng 10mL of PBS with 10% FBS. Follic
Liberase 156 follicles | were pelleted out by centrifugation at 50 g fi
per human | 10 min at 4C.
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ovary section

of 25X 2.5
to 10X8 mm
Choi, Gong | Collagenase 28.5 follicles | Ovarian slices were treated with 0L of 285
and Lim | typel per porcine | CDU/mg (Collagenase Degrading Un
(2008) ovary collagenasaype | INDMEM for 30 minutes in |
shaking incubator at 3€ for 30 minutes witt
5% C@ Disaggregated follicles wel
transferred to apetri dish and washed witt
DMEM.
Kristensen et Collagenase Thousands of Ovarian tissue (30um thick) was treated w
al. (2010) IV + follicles 0.2mg/mL Collagenase IV or 0.04nmL
Liberase collected Liberase for 7080 minutes at 37°C
from human | Disaggregatedovarian suspension was thel
ovary aspirated up and down to release follicle
Using a stereomicroscope follicle were
identified and collected in PBS.
Shikanov et ' 0.1% Not provided Mouse ovaries were treated with 0.1
al. (2011) | collagenase collagenase and 0% DNase in-2 mLmedia in
+0.1% a petri dish and incubated for 15 minutes |
DNaset 37°C and 5% GOAfter incubation follicles
needle were disaggregatefiee of ovarian tissuasing
needles
Dorphin et | Mechanical | Not provided | Dissected follicles out from ovaries und
al. (2012) stereomicoscopeusing 27g needle
Youngetal. 590 UmL | 9112 Half ovaries from3-month-old mice were
(2017) collagenase| follicles incubated at 37°C for 30 minutes before
IV, 590umL | (mostly mechanical disaggregation for 5 minutes us
animal secondary) | needks. Isolated follicles were collected usi
originfree | per ovary glass pipettes.
(AOH
collagenase
IV,
1180U/mL
AOF
collagenase
\Y;

When mechanical isolation of ovarian follicles was compared to enzyme indigaghdegation of
ovarian tissue, mechanical disaggregation yielded fewer number of follicles and is more optimized
to larger follicles such asecondary andéntral follicles(Table 15). However,mechanical isolation
of follicles is more favourable fdine follicular integrity duringn vitro culture as evident from less
disruption in follicle morphology though the whole follicle viabilitpaturation of oocyte and

embryo developmentvere reported similar to enzyme disaggregated follic(B®meestere et al.
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2002; Dolmans et al. 2006; dno et al. 2007; Park et al. 2005; Young et al. 20 74ontrast,
enzyme disaggregation is responsible for basement membrane disruption and granulosa cell
detachment and thereafter separation of oocyte out of follicle ahdreafter follicle growth is
compromised(Telfer et al. 2000) A later study byNagano et al(2007)suggested that follicle
survival rate was higher for the mechanically isolate follicles. Shortly, though mechanical isolation
is optimized for larger secondary follicles, it yields higher grade of morphologically intact follicles
similar to intactfollicles embedded in the ovaries vivoand hence are more suitable model for
further in vitro development of follicle and exposure to chemotherapeutics for evaluating their

effects on viability and steroidogenesis.

1.9.3 Follicle Disaggregation witRyaluronidase

A follicle consists of anocyte surroundedy GCs TheseGCsare embedded in folliculaeECM and
provide the spherical shape of the folliclés already statedpflicular extracellular matrigonsists

of collagen typdV, hyaluronic acid anélbrinogen(Gomes et al. 1999; IrviFgodgers et al. 2010;
Rodgers et al. 1998; Rodgers, IrviRgdgers & Russell 2003; van Wezel, Ingrid L & Rodgers,
Raymond J 1996; Woodruff & Shea 20B8sal lamina of ovariafollicle separates GC froother
vasculature which is composed of collagen 1V, laminin, perlecan and nidlogegRodgers et al.
2010) Hyaluronic acid is proded by follicular cumulu$&sCsthrough expression of hyaluronan
synthase, and is secreted onto surface@Csto form the extracellular matriXRodgers, rving-
Rodgers & Russell 2008Yoodruff and Shea (2007¢ported that theca cell comgrtments contain
collagenase IVTherefore, disaggregation of follicles to &elGCgequires break down of collagen

IV in the theca cell layer and thereafter digestion of hyaluronic acid igitieulosa cell layers

Yang and Honaramooz (20Qr¢ated minced testes with 0.02% hyaluronidase in DMEM for 20
minutes to isolate tess cellsMohammed (2014%ollected the cumulusocytecomplexes (COCs)
from mouse antral follicles by applying 0.05% (200viLl)/hyaluronidase in PBS for 30 minutes to
the follicles, then theGCswere removed by pipetting. Althoughmany researchers have used
hyaluronidase to disaggregate COCs, the enzyme may have deleterious effects on the G@sulus
(Orimoto et al. 2008)ransfected mouse primar¢sCsvith EGFRused hyaluronidase plasmids and
found that three expressed hyaluronidases (HyalHyal3 and Hyal2) significantly increased
granulosa cell apoptosis. The level of apoptosis induction was higher fof layal HyaB than for
Hyal2. In nontransfected cells the mRNA levels of HyaHyal2, and HyaB were significantly
increased in apoptoti GCsas well as in atretic follicle@rimoto et al. 2008) The induction of

apoptosis by hyaluronidases was independent of the enzymes catalytic activity, because the inactive
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Hyall mutant (D157A/E159A) was as efficient as the 4yifie enzyme in causing apoptosis. The
activation of the extrinsic apoptotic signalling pathway was involved in induction, because increased
levels of cleaved caspasecaspass, and polyADRribose polymerase (PARP) were observed upon
hyaluronidase ectopic expressig@®rimoto et al. 2008)Hence there is a concerthat applying
hyaluronidase to disaggregate follicles may compromise the viability of harv€@sAlthough

COCs have been disaggregated there are no reports describing the disaggregation of whole follicles

to produce a single cell suspension or generafpreparation of proliferating FSdsponsiveGCs

1.10 In Vitro Qulture of Ovarian Follicle

Thein vitro culture of ovarian follicles ia useful method forin vitro maturation of follicles and to
investigate the effects of chemotherapeutios different sized ovarian follicles. Researchers have
used both 2D and 3D culture systems. In this section, these two culture systems are evaluated to

find the best culture system and conditions fowrinefollicle growthin vitro.

1.10.1 2D Culture Systems

Ovarianfollicles have been cultured in 2D system where follicles allowed to grow on a flat surface
of culture dish. Researchers use 2D systems for culturing follicles because it is inexpensive,
established model with lot of published literatures and easy to aranthe change over time.
Published reports on 2D culture of ovarian follicles are list&able 16. Minimal essential medium
(MEM) was evaluated yppig and Schroeder (1989y its suitability to support follicle growth and
developmentin vitro. Mouse oocyte granulosa cell complexg30C) from antral follicles were
isolated from 12day old mice and cultured for 10 days3at°Cunder 5% oxygen () 5% carbon
dioxide (C@ and 90% nitrogen @ in MEM supplemented with 5% FBS, 0.23 mM pyruvic acid,
0.01% phenol red, 50 mg/L streptoniysulfate, 75 mg/L penicillin G potassium salt and 0.05 mM
3-isobutyt1-methylxanthin. 3isobutytl-methylxanthin (IBMX) (believed to maintain oocyte in
meioticarrest). The oocyte diameter increased from 56+0.29 um to 68+0.23 um during ttiayl10
culture period but these were significantly smaller than diameters of freshly isolated oocytes
(74+£0.35um) from equivalent age (22 days) follighesiva Oocyte maturation was determined in
terms of germinal vesicle brealown (GVB) and the production of a polaody. It was reported

that when IBMX was replaced by IBMX free media and 1 ug/8H was added after 10 days of
culture, 87% of oocytes underwent GVB in comparison to 57% of oocytes cultured in media without
FSH after a Haour maturation period. Theseesults indicated the importance of FSH for oocyte

maturation (Eppig & Schroeder 198@nhd were supported by evidence that FSH stimulated GC
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proliferation and follicle growth after preantral stage, that follicle maturation beyond preantral
stage is FSH dependent and induced by AMH through increased FSHR expression and sensitivity of
larger follcles to FSKIChoi & Rajkovic 2006; Dewalilly et al. 2016; Diclemente et al. 1994; Durlinger

et al. 2001; Lebbe & Woodruff 2013Ithough 2D systems supported oocyte growth, it was not at

the same level ag vivogrowth, and 2D culture systems were not thought to be favourable for

germinal vesicle breatown.

Spears et b (1994)introduced a droplet culture system where isolated murine primary folkcle
GSNBE Odzt G§dzZNBR AY | wnx[ RNRLI SO 2F a9ah YSRAI
carbon dioxide for 6 days, and the medium was replenished every day.dsotlmlibled in size in
comparison to the initial diameter of 190+10um. This type of culture system was later used to
evaluate follicle caculture by culturing two preantral follicles in wells of a 96 well flat bottom plate
O2y G+ Ay Ay 3 wmnn KThe falidles Weredejhier&iiavedl fo raw side by side touching
each other or not touching each other for 6 days. In another group, follicles were initially cultured
in contact for 2 days and then separated for subsequent 4 (Bysars, De Bruin & Gosden 1996)
Follicular growth in terms of diameter was indistinguishable between follicles cultured without
touching eactother and follicles cultured individually but the conjoined follicles developed quick
adhesion and the growth rate was not equal for each conjoined follicle. It was reported that only
one in the conjoined and ecultured follicles reached antral stage aife overall development was
significantly less in comparison to follicles cultured aldBpears, De Bruin & Gosdédm®996)
Although initially this seems to be a negative result, after separating the conjoined follicles on day
2, the smaller follicles grew faster and by day 6 developed @Gtaafianfollicles andwere
comparable to follicles cultured alone. This stuglyggested that the dominant follicle may have
suppressive effects on neighbouring folliciewivoin the ovary andn vitro cultured in media, but

later study suggested that cocultured follicles supported follicle integrity, growth and survival before
dominant selection (primary to preantral stage) by paracrine signals between fo(litdesick et al.
2013)

Eppig and O'Brien (199@&xamined thein vitro development of oocytes in COCs isolated from
primordial follicles from 6, 8 and i@ay old mice. COCs with one or more layelGGfvere isolated
using collagenase type | and DNase, then cultured on Coster Trax@®Wlelmembrane inserts in
Coaster skwell cluster dishes containingmL Waymouth medium with penicillin G, Pyruvic acid,
BSA, ITS and Fetyippig & O'Brien 1996L0Cs were cultured for 16, 14 and 10 dayya@under

5% Q, 5% Cg and 90% Wand every two days half the culture medium was replaced with fresh
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medium. Oocytes grew from 2.1 to 5.3de and reached the size of an oocyte comparable to those
found in antral follicle of 1&ay old mice. Similar results were observed when COCs were cultured
in MEM medium maturatiofEppig & Schroeder 198%oth MEM and Waymouth culture media
were optimized for oocyte maturation and so likely to be suitable for foliicietro culture as wé,

but the follicle growth was not as successful asithgivomaturation process. This was attributed

to the lack of metabolic cooperation between oocyte and cumulus cells in the 2D culture system
and was based on the premise that granulosa cell pralifen and function play an important role

in in vivo oocyte development(Buccione et al. 1987; Eppig 1977, 1978%hereforein vitro
maturation and culture of follicles should focus on maintaining the integritythef follicular

structure.

Cortvrindt, R, Smitz, J and Van Steirteghem, A (1986) a mouse follicla vitro culture system
similar toSpears et al. (1994) which 20 pL droplets of MEM medium were supplemented with FSH
under oil. In their protocol ovaries were collected from-day old mice and only the intact and
regular shaped follicles with one or two layefsSGCsand visible oocytes were selected for culture.
The selected follicles were cultured separatel\BatCwith 5% C@ and the media were refreshed

on alternate days. The follicles attached to the bottom of the culture vessel, and the spherical shape
of the follicles was lost. However ti@Cscontinued to proliferate until the 16th day, there was no
atresia and the oocytes also continued to gr@@ortvrindt, R, Smitz, J & Van Steirteghem, A 1996)
This 2Din vitrosystem was considered suiptimal however becausthe 3Dstructure of the follicle

is essential for oocytes to transport amino acids and undergo glycolysis and cholesterol biosynthesis
(Cortvrindt, R, Smitz, J & Van Steirteghem, A 1996; Desai et al. 2010; Eppig &X9Bidfppig &
Schroeder 1989and hence this 2D culture system would not suppiartvitro maturation of a

fertilisable oocyte.

O'Brien, Pendola and Eppig (20@8)lected whole ovaries from new born mice. They followed a
two-step culture protocol in which the first medium for ovary cultusas Waymouth MB752
supplemented with 0.23 mM pyruvic acid, 10 mud/streptomycin sulfate, 75 mgiL penicillin G

and 10% FBS. The ovaries were cultured for 8 days°&vdth 5% CQ@ After that the cumulus

oocyte complexes were collected using collagen@gee not defined) and DNase. The COCs were
cultured on Costar Transwéllol membranes for 14 day®'Brien, Pendola & Eppig 200Bater the
COCsvere cultured for 8 days in modified essential meditm 6 a9ah 0 @A 1 K2dzi NR O 2
deoxyribonucleosides and supplemented with 3 mg/bovine serum albuminBSA, antibiotics,

insulin, transferrin, and seleniufhTS) and fetuin.@dermal growth fator (EGFpr FSH were added
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after 6 days of culture. This modified culture protocol matured 44% oocytes to metaphase Il in
O2YLI Nr azy G2 wmm: Ay GKS 2F@&vY2dzikKk YSRAIFI® ! RR
initially underwent GVB in response to FSH &GF during &7-hour maturation period. This was
consistent with the findings d&ppig and Schroeder (1988)d supported the proposal that addition

of FSH after initial development improved oocyte competency for further maturation in terms of
GVB and production of polar bodies. The original Waymouth medium supported the gamdth
development of cumuluocyte complexes (COCs) during the early stages of culture in comparison
G2 a9ah HKSNBlFa a9ah gka 2LWNAYEFE F2N GKS f
concentrations of glucose were beneficial fiovitrooocyte developmenfO'Brien, Pendola & Eppig

2003) The Waymouth medium used for the first stage of culture contained 27.8 mM of glucose and
a9ah O2yUlAYSR podp Ya 2F 3Jtdz024aSd LY FFRRAGAZY
concentration of ascorbic acid (0.25 mM) which was thought to promote the growth of @@ C
(O'Brien, Pendola & Eppig 20@@)ssibly becase of its antioxidant function. But it was later thought

that the use of treated membranes disrupted the spatial arrangements ofGfsand that the
enzymatic isolation of the follicle and perturbation of the basal lamina that surrounds the follicle

might have also caused detachment of the cumuliSsrom the oocytegDesai et al. 2010)

Telfer et al. (2008applied a twestep culture system where human ovarian sections were first
Odzft GdzZNBR Ay AGNRALA Ay onn x[ aOticdsaQ3PC with 5% SRA |
CQ. After 6 days of culture antral follicles were mechanically dissected out of strips and cultured
individually in wells of a-Ydottom 96 well plate in 150 yL of media with or without activin for 4 days

at 37°C with 5% C£ The folicles did not grow during the 4day culture period and also estradiol
production was decreased from 132+12 to 105+13 pg/fhklfer et al. 2008)Previous study
suggested that follicle growth in the later stage beyond preantral stage requires low glucose for
oocyte maturation(O'Brien, Pendola & Eppig 20@)zi a O/ 28 Q& pl YSRALl g1l &
did not contain any ascbic acid to neutralize the ROS produced in high oxygen culture condition.

Therefore, the follicle growth as well as the hormone production may have been compromised.

Wang et al. (2011)sed the droplet culture system as developedQuyrtvrindt, R, Smitz, J and Van
Steirteghem, A (1996p culture preantral mouséollicles that were isolated from vitrified ovarian
tissues. The follicles were cultured individually for 12 days &wdth 5% C@ Follicles degenerated

and some extruded the oocyte, although 75% of cultured follicles survived and 62.2% of oocytes
matured to metaphase Il stage. However the survival of the follicles was only based on visual

inspection of follicle morphology (oocyte surrounded®@sand theca cells) which did not reflected
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the survival of follicular cells, nor growth of follicles orreidogenic function. Morevoer, oocytes

were extruded which might be because of loss of spherical structure of the follicles.

In summary2D culture systemmfor growing folliclesre associated with reduced growth of oocgte
and maturation(Eppig & O'Brien 1996; Eppig & Schroeder 19B®)bition of dominant follicle
selection(Spears, De Bruin & Gosden 19963s of 3D structure of the follici@vang et al. 2011)
and decreased hormone productigifelfer et al. 2008)Although Spears et al. (1994¢ported
follicular growth, this increase in diameter might &tributed to the flattening of follicleandto loss

of spherical structureather than to an increase in sideie to granulosaell proliferation in follicle

In addition, denuded oocyte when cultured BD culture systems may compromigshe gap
junctions betweerGCsand granulosa cell to @yte andlead to poor maturatior{(Eppig 1977, 1979
Telfer 1998)Though 2D culutre of ovarina follicle is easy and inexpensive, theseVaib culture
systems do not mimic the real vivocell environment and are associated with poor predictivity.
Therefore, he 3D structure of follicles is importafor follicle and oocyte maturation and hence the
concept of 3D culture systesrevolved forin vitro growth of follicles. Moreover, loss of spherical
structure of folliclecausesstressto gap junctions. Both loss of spherical structure and stresgap
junction may contribute to extrusion of oocytes and imparied steroidoger{€asvrindt, R, Smitz,

J & Van Steirteghem, A 1996; Desai et al. 2010; Eppig & O'Brien 1996; Eppig & Schroeder 1989; Telfer
et al. 2008)

1.10.2 3D Culture Systems

3D culture systems evolved from the inspiration to provide cells environment that represents tissues
outside the human body. In follicle culturédhe concept of 3D culture system was introduced to
maintain the 3D structure of fitles and to allow the growth d&Csn all directiors, maintaingap
junctionsbetweenGCsand oocytein order tosupportparacrine functiongCortvrindt, R, Smitz, J &
Van Steirteghem, A 1996; Desai et al. 2018pide & O'Brien 1996; Eppig & Schroeder 1989;
Woodruff & Shea 2007 herefore the use of 3D culture system for vitro culture of follicle has

been increased in 21century. Published reports on follicle culture in 3D culture system are

presented inTable 16.

To our knowledge, 3D culture system for ovarian follicle culture was first usedltiare murine
small preantral follicles in collage gel bglfer, Torrance and Gosden (199Bplated preantral
follicles were suspended in 10 pL collagen gel solution and alltoveet at 37Cfor 2-3 minutes.

Set gel containing follicle was thenspended in 20 pL collagen gel and allowed to set before adding
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2 mL M199 medium with 5% calf serum and cultured for 5 days ‘@\8ith 5% CQ@ Follicles only
grew from small preantrafollicles to large preantral stage. Most importantly, follicles did not
develop theca cell layers. Collagen gel 3D culture system did not support follicle growth beyond

antral stage.

The role of FSH in follicle maturation was examined by culturing secpfaléeles from 100 to 180

pum with increasing concentrati@of FSH (0, 5, 10, 25 and 50 mIU/mL) in a 3D alginate based culture
system(Kreeger et al. 20055econdary follicles with 2 layers®€g100 to 130 pum) were cultured

in a 1.5% alginatevith 0.2 mg/nL collagen 3D ctlire matrix, while the larger secondary follicles

with multiple layers ofGCswere cultured in 1.5% alginate without collagen. Individual follicles with

a minimum amount of medim were pipetted into droplets (2 to 3 pL) of culture matrix and
suspended on @olypropylene mesh with a 0.1 mm mesh size before immersion into sterile CacCl
(50 mM) for alginate crostinking (Kreeger et al. 2005)'he resulting beads were then cultured in
separate wells (one follicle/bead/well) of a96 wellph S O2 y (I Ay Ay A°CmBmCek [ a9
Finally, FSH was added in increasing concentrations and the follicles were cultured for 8 days.
Follicular growth was measured by determining diameters under an inverted microscope. The
alginate based culture atrix promoted follicular growth and retained the three dimensional
structure (Kreeger et al. 2006; Kreeger et al. 20@9th twolayered and multiayered secondary
follicles exhibited doselependert size increases in diameter but although the survival of the smaller
follicles was not significantly affected by the FSH dose, the survival of the larger follicles was dose
dependent and the highest survival was reported at 5 mIU(i#2%) and 10 mIU/in(69.2%) FSH
(Kreeger et al2005) This indicated that the growth of smaller follicles was independent of FSH, and
GKAA 61 & FTAdZNIOKSNI AdzLIL2 NI SR o6& | &l dgRuénarBtyal. ¢ K A C
1997)and FSH receptor null mutant mi¢abel et al. 2000yrew to preantral stage but without
antrum formation. However this study also reported that in the absence of FSH, there was limited
proliferation of GCsand no detectable progesterone or estiial production(Kreegeret al. 2005)

In comparison to smaller follicles, oocytes fraime larger multilayered follicles were more
competent to produce mature oocyte through meiosis in a dose response manner with increasing
concentration of FSH, whereas in the absence of FSite@®were not healthy and only 14.3% and
15.4% of the oocytes were meiotically competéteeger et al. 2005Y his suggested that in early
stages, FSH promotes granulosa cell proliferation and in the later ssiadeelps in oocyte

maturation.
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Later Kreeger et al. (2006)sed a modified alginate matrix by incorporating ECM components
includinglaminin and synthetic pepdies such asArgcGlycAsp (known as RGD peptide) developed
by Kreeger, Woodrff and Shea (2003p culture secondary murine follicles at ¥in 5% C@ In
general, this modified culture matrix created am vivo like follicular morphology. The ECM
components promoted follicular growth, differentiation and oocyte meiotic compe&fiKreeger

et al. 2006) It was reported that incorporation of RGD helped to increase granulosa cell adhesion
and the production of progesterone and estrad{&lreeger, Woodruff & Shea 2003)coporation

of laminin into the alginate base culture matrix was less important for folligalaitro culture in

terms of survival and growth in comparison to algin®E&D matriXKreeger et al. 2006 Another

study suggested that an alginate hydrogpalsed 3D culture system supported murine follicular
growth with production of steroids, formation of antrum, differéation of theca cells and oocyte
maturation. One mature egg was subsequently fertilizeditroand transferred into a host mother,

and gave rise to a live, healthy p(¥u et al. 2006)It was found that the follicles cultured a?3C

in 5% C@by encapsulation in 0.25% alginate grew more optimally than in 1.5% alginate. In addition,
the maturaion and fertilization ratevere 41% after culture in 0.25% calcium alginate culture but
only 5% in 1.5% calcium alginate. Moreover, encapsulation of follicles was associated with
mechanical damageaused byisolation of the follicle after completion of dure (Xu et al. 2006)

may be because degradation of alginate based matrix requires algyase(Brito et al. 2014)

Follicledn vivoare organized within an extracellular matrix (ECM). One ECM that is usedsitvo
culture is Matrigel which is made up of collagen IV, laminin, fibronectin, entactin, heparin sulfate
proteoglycans, and a varietyf growth factors such as EGF, FGFIGMGF and TGROktem &
Oktay 2007a; Sigma 2017; Woodruff & Shea 20@®antral follicles were isolated frotd-dayold
mouse ovaries and cultured in a 3D Matrigel artDasystem on cover slips using serum free culture
media for 7 days a37°Cin 5% C@ Structural integrity was examined by confocal microscopy and
it was found that the 3D structure of follicles was retained in the Matrigel culture sy&ddtem &
Oktay 2007a)Matrigel promoted follicular growth and survival in comparison to other 2D or droplet
culture systems. This improvement was attributed to the presenicéhe growth factors in the
Matrigel as well as the physical interaction between the ECM and the follicles. However the collagen
in the Matrigel required enzymatic digestion to extract the follicle after culture, and this was thought

to have the potentiato cause physical damagPesai et al. 2010)

Shikanov et al. (2011)sed a fibriralginate interpenetrating network (FB°N) to culture mouse

secondary follicles é87°Cwith 5% C@ FAIPN was a celiesponsive matrix in which the rigidity of
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the matrix was rduced by proteases incorporated into the gel. These were activated by the
encapsulated follicles during the initial growth phase. The proteases degraded the fibrin of the IPN
and caused a gradual reduction in gel rigidity while the 3D structure was nredthy the alginate
remaining in the matrix. Thus this 3D matrix allowed the natural process of follicular maturation
vivo (Shikanov et al. 201lWhich was indicated through increasing diameters of the follicles

measured by Image J from images taken using a light microscope.

To avoid loss of the spherical shape of the folliBlarrish et al. (2011)sed a 3D 0.25 % alginate
hydrogel systenfior culturing mouse follicles &7°Cwith 5% C@ The 3D culture system contained

all the necessary ingredients for the development of follicles. After 12 days culture, the follicles
increased in size and developed antral cavities. The morphologicdbgevent was similar to that
seenin vivq but the size of the secondary and antral follicles and the antrums of these follicles were
smaller than in follicles developead vivo(Parrish et al. 2011)The alginate hydrogddased 30n

vitro culture system supported growth and development of follicles and oocytestiutot as well
asinfollicles that had developeih viva Although the morphological development was similar, gene
expression patterns in thim vitroandin vivodeveloped follicles were different for some genes but
similar in others. 60% of thgenes inin vitrofollicles such as Fgf8, Fshr, Gdf9, Igfl, Inha, Jagl, Kit,
Lhcgr, NIrp5, Nobox, Ddx4, and Zp2 were similar to their corresporidingvo patterns of
expression at the secondary follicle stage, and 50% of the above genes had similar expression
patterns in COQParrish et al. 2011Yhe main difference between tlhie vitroandin vivodeveloped
follicles was that the oocytes did not have the same potential for blastocyst development and

production of live pups.

Wang et al. (2012pptimized a hanging drop culture method for groups (3 to 5 follicles) of
heterogeneous (90 to 130 um) preantral mouse follicles by reducing insulin, transferrin, and
aSt SyAdzy oL ¢ {-MEM)\ Yhe ad¥aBtag¥sSORiid systern were that it allowssl 3D
spherical development of the follicles and promoted follicular growth in a cluster. Fireeabated
follicles could communicate with each other and synchronize follicular growth. Retinoic acid was
added to promote oocyte development. After 14 dagd% of the oocytes were matured and

capable of fertilization.

In alater study,Joo et al. (201&ultured rat ovarian follicles iacollagen type 1 hydrogel. Collagen
type 1 was extracted from rat tail and diluted with media to prepare 1, 3, 5 and/MmL hydrogel.

This hydrogel starts to form gel a7°C Isolated follicles were mixed with varying concentrations of
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hydrogel and cultured in a 48 well plate with 400 uL media for 12 d&3/&°awith 5% C@ 5 mg/mL
collagen type 1 hydrogel had moreah 90% viable follickevhen assessed by Li@ead stain but
thereafterfollicle viability decreased t66% in 7% hydrogéloo et al. 2016Although progesterone
levels over time wrenot affected by the hydrogel concentrations, 5mg/mL collagen type 1 hydrogel
supported a gradual increase in estradiol production from day 6 till day 12. Similarly, 5mg/mL
hydrogel had thénighest number$88%) omeiotically competenbocytesas estimated by germinal
vesicle breakdown (GVB). Collagen is one of the compser@rdivaria ECMand gives elasticity to

the ovary to allow growth of folliclem vivo(Salvetti et al. 2003)Therefore, culturing follicles in
collagen might have supported survival of follicles and oocyte competence but collagen is derived
from animal sources and hence its application for human follicktunation is restricted by

regulations.

Heiligentag and EichenlatRitter (2018)used 0.25% alginate hydrogel or 0.75% celhagvith
human menstrual blood mesenchymal stem cells (MenSCs) to encapstapgeantral murine
folliclesbefore Odzf 1 dzZNB Ay ha9a 6AGK C{I FyR C. {the¥2NJ
alginatebasedmatrix supportedmore follicle survival and MenSgtipportedsurvivaland reduced
follicle degeneration whereascollagen supportednore antral formation andincrease in follicle
diameter in comparison to alginatéut similar numbes of oocytes matured in both systems. In
both systemsthe MenSC support@ hormone production mayave beenbecause of increased
survival(Heiligentag & EichenladRitter 2018) Recently, Matrigel and fibrin ctaining alginate
matriceswere modified bySadr et al. (2018p culture preantral follicles isolated from 13 day old
mice. Follicles were encapsulated in Matrigidinate (MA) and fibrialginate (FA) scaffold and
cultured for 12 days. Follicles grew significadilying thel2-dayculture, but the Matrigelalginae
based matrix supported better survival and oocyte maturation in comparisahedibrin-alginate
matrix. It was thought that thisnight be because Matrigel contains ECM componsimtslar to the

in vivosituation (Sadr et al. 2018; Salvetti et al. 2003)

In generalthree-dimensional culture systems preserve the architecture of follicles and a number of
3D culture systems have been examined. Rigid 3D matrixes can restrict inénsfadlese diameter,
theca formation, antrum formation and estradiol production. 3D matrixes must allow gas exchange
and diffusion of nutrients as well as cellular waste removal. This permeation is affected by the
porosity of the matrix. Also 3D matrixeeds to be elastic to accommodate the growth of follicle

a mannerthat iscomparable to than vivosituation in whichcollagen inthe ovarian matrix make

it fibrous and elasti¢Salvetti et al. 2003)Therefore, 3D culture matrixes must be not toxic to the
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growing cells and should also alloustainable growth for the duration of the culture period (Desai

et al 2010). To date different tygeof natural and synthetic gels such as hydrogels like alginate,
Matrigel, Fibrin Alginate, Matrigellginate and Fibrialginate have been used to maintaihe
spherical structure of the follicleT@ble 1.6) (Heiligentag & EichenlatRitter 2018; Kreeger et al.
2006; Kreeger et al. 2005; Parrish et al. 2011; Sadr et al. 3bil&nov et al. 2011; Xu et al. 2006)

All of these gels, as well as collagen or matrixes that contain collagen, allowed the expansion of
follicle up to the preantral phasgDesai et al. 2010; Heiligentag & Eiclaefie-Ritter 2018; Joo et al.
2016)but the collagen ged shrank over time andailed to support furtherfollicular expansionit

wasalsodifficult to examine follicles embedded in collagen.

Many advances have been made to optimizeitroculture systens for follicles, but still no method

has been established as proven and effective for consistent follicular developmeétrb. However,

the Matrigel culture system holds promise asiarvitrofollicular culture system if it is modified to
allow nondestructive isolation of the follicle from the gel. The fibdlginate interpenetrating
network (FAIPN) follicle culture system also has potential, but this method still needs experimental
evidence that it promotes correct morphological development. Mamyitro culture systems have
been applied to folliclesT@ble 1.6), but each culture system has a range of advantages and
disadvantages. 2[h vitro culture systems were associated with loss of physical strudiuae
affected the follicular development whilalthough 3D culture systems supported the follicular
spherical structure, there are still problems with obtaining good quality follicles iaftgtroculture.

None of these follicle culture systems have bemed to examine the effects of chemotheraioy
vitro. Therefore, it is important to develop an appropriate culture system that supports the 3D
follicular structure and enables culture of good quality follicles to assess the effect of chemotherapy

on follicular cell viability.
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Table 1.6: In vitro follicle culture systems

Publication Type Culture media Culture | Outcome
period
Eppig and 2D 5% FBS, 0.23 mM pyruvic 10 days Oocytes fromin vitro
Schroeder acid, 0.01% phenol red, 5 cultured follicles were
(1989) mg/L streptomycin significantly smaller
sulfate, and 75 mg/L than freshly isolated
penicillin G potassium sal follicles
Telfer, 3D, Collagen | Medium 199 and Medium 5days Small preantraldllicles

Torrance and | gel
Gosden (1990;

Spears etal. | 2D, Droplet
(1994)

Spears De 2D

Bruin and

Gosden (1996;

Eppig and 2D

O'Brien (1996)

Cortvrindt, R, | 2D, droplets

Smitz, J and | in culture

Van dishes

Steirteghem,

A (1996)

O'Brien, COCs

Pendda and

Eppig (2003)

Telfer et al. 2D, inwells

(2008) of V-bottom
96 well

199 supplemented with
ITS

Hn K[ RNER LI ¢
media under 50 pL oll
mMmann X[ a9ah
each well of a 96 well flat
bottom plate where
follicles were either
allowed to grow side by
side touching each other
or not touching each
COCs were then cultured
on Coster Transwe{LOL
membrane inserts in
Coaster sivell cluster
dishes containing ML
Waymouth medium

20 uL MEM supplemente
with recombinant follicle
stimulating hormone (100
miU/mL)

a9ah gAdK?2dz
ribonucleosides and
deoxyribonucleosides anc
supplemented with 3
mg/mLBSA, antibiotics,
ITS ifsulin, transferrin,
and seleniumand fetuin.
EGFdpidermal growth
factor)or FSH was added
after 6 days of culture
period.
0N

k[ aOl 2¢
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6 days

6 days

10-16
days

16 days

8 days

6 days

only grew tolarge
preantral stagegNot to
antral stageput there
was no thecaell layer
developed

Follicles doubled in siz¢
after 6-dayculture
Dominant follicle may
have suppressive effec
on the neighbouring
follicles

Oogtes did not gow
to the same size of
equivalent age of 22
days

Spherical shape of &h
follicles was lost

a2RATASRasa !
better that Waymouth
media in terms of
oocyte maturation
while Waymouth mediz
was supportive for
early follicular
development

Follicles did nogrow,
and hormone
production reduced



Wang et al.
(2011)

Kreeger et al.
(2005)

Kreeger et al.
(2006)

Xu et al.
(2006)

Oktem and
Oktay (2007a)

Shikanov et
al. (2011)

Parrish et al.
(2011)

Wang et al.

(2012)

Tagler et al.
(2013)

Laonda et al.
(2014)

2D, droplet
culture
system
3Dalginate
basedculture
matrix

3Dalginate
basedculture
matrix with
ECM

Alginate
hydroget
based3D
culture
system
Matrigel

Encapsulatior

3D hydrogel

Harging drop
culture

3D, alginate
hydrogel

3D, human
primordial
follicles
encapsulated
in 0.5% and

hag9a @AlK C/ 12days
Penicillin and
streptomycin ad FSH
1.5% alginaté.2 mgimL
collagenase or
1.5%alginatebased
matrix

8 days

Algirate matrix by
incorporating ECM such &
Laminin or RGD (AGlyg
Asp)

8 days

0.25% calcium alginate
culture and 1.5% calcium
alginate

8 days

Collagen 1V, laminin,
fibronectin, entactin,
heparin sulfate
proteoglycans, and growtl
factors such as EGF, FGF
IGF1, PDGF and TeF
Fibrin-alginate
interpenetrating network
(FAIPN)

0.25 % alginate hydrogel

7 Days

8 days

12 days

Reducing insulin,
transferrin, and selenium
OLe{ 0O Ay (K¢
MEM)

h-MEM/F12
supplemented fetuin, ITS
and FSH

14 days

14 days

MY MMEM and F12 3 days
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Follicle degenerated
and extruded oocyte

Alginate based culture
matrix promoted the
follicular growth and
retained thethree-
dimensionalktructure
RGD helps in increasin
the granulosa cell
adhesion and spreadin
as well as increase the
production of
progesterone and
estradiol

Higher the
concentration of
alginateloweredthe
growth and maturation
of oocytes

Promoted follicular
growth and survival

Allow spatial follicular
development

Sizes oecondary and
antral follicles and
antrum of these
follicles were smaller
than follicles developec
in vivo

Allowed the 3D
spherical development

Supported the growth
of secondary follicles
but the survival rate
was low

Primordial follicles did
not survive inn vitro
culture



2% alginate

beads
3D, human h-MEM withHSA 21 days Secondaryollicles
secondary grew significantly with
follicles in antrum formation
Matrigel
Xiao et al. 3D, MY MMEM and FL2 30 days Promoted oocyte
(2015) encapsulate maturation to GVB
human Synthesis of hormone
folliclesin (B, Prand AMH)
0.5% alginate increased with follicle
beads size
Joo et al. 3D, collagen | h-Minimal Essential 12 days| Collagen supported
(2016) type 1 Medium survival of follicles and
hydrogel oocyte competence
Heiligentag 3D, 0.25% hag9a ¢AdK C{12days Collagen supported
and alginate antral formation and
Eichenlaub hydrogel and follicles growth
Ritter (2018) | 0.75%
collagen
Sadr et al. Matrigel haga 12 days Matrigelalginate based
(2018) alginate (MA) matrix supported
and fibrin better survival and
alginate (FA) oocyte maturation
scaffold

1.10.3 Effect ofOxygen onin Vitro Culture of Follicles

The follicles cultured in different concentratisof oxygen behave differently. The outcomes of
follicles cultured in low(5%)and high (20%)oxygen concentratiorare listed inTable 1.7. Smitz,
Cortvrindt and van Steirteghem (199&)mpared the effect of 5%Jand 5% Cg&in air (20% ©) in

a 16-dayin vitro culture of murine secondary follicles in a droplet (2D) culture system as described
by Cortvrindt, R, Smitz, J and Van Steirteghem, AC (1906) and 75% of follicles cultured in 5%
Oz and 5% Cg&in air were viable. Follicles cultured in 5%di not form antruns and had higher
numbers of extruded oocytes (45% vs 5%) in comparison to 5%nCAxr but 83% othe oocytes
underwent germinal vesicle breakdown. Also, the E2 production was compromisent G#e Q

(Smitz, Cortvrindt & van Steirteghem 1996)

Xu et al. (20113emonstrated the effect of oxygen concentration aracaquesecondary follicle
growth in a40-dayculture inanalginatebased3D culture system. Survival of follicles on day 30 was

higher in the 5% &cohort thanin 20% Q. In aldition, lower oxygen supportedocyte maturation
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and follicle growth to antral stage. Also, addition of FSH stimulated Algdtrogen and

progesterone production in 5%,@Xu et al. 2011)

In a later studyGook et al. (2013hvestigated the effect of oxygen concentration on fodligrowth,
morphology, metabolism and viability of whole folliskesing a 2D culture system. Primary and
daSO2YRIFNE YdzZNRYS F2ffA0fSa 6SNB YSOKIFIYyAOlf¢fe@
penicillin and streptomycin, human serum albumin, ITS, ascorbic acid and FSH under oil in a 4 well
plate at37°Ceither in 5% oxygen with 6% carbon dioxide or 20% oxygen with 5% carbon dioxide in
nitrogen with or without FBS. Alte beginning®7% follicles were viable after Lidead staining and

89% and 93% follicles cultuten 5% and 20% LQespectively retained theiBD structure but
follicles cultured in media with FBS lost their spherical structure. Afi&dayculture period, 59%

and 8% of follicles cultured in 5% and 20%w@re viable. Follicles grew by 62.945.7 um and
15.8+£3.8 um in 5% and 20% @spectivelyand the number of GC lay&ncreased to more than,6
which reflected the cell proliferation and metabolic use of glucose and amingabien cultured

in 5% Q (Gardner & Wale 2013; Gook et al. 201Bhis study suggested that use of 5%nStead

of 20% was better fomurine follicle maturationthrough maintaining follicle viability, growth and

metabolic pattern.

Inanotherstudy,Yin et al. (20163ultured human preantral follicles emalginate bead (3D system)
either in 5% or 20% Qwith FSH. Follicle survival rate after 7 gaulture was 80% in 5%
comparison to 66% in 20% .@ollicles that srvivedfor 7 dayswere subjected to culture for longer
periods (>30days) and at the end of culturé and 4 follicles out of 15 and 19 follicles from 5% O
and 20% Qrespectivelyhad extruded oocytes (40% vs 20%). Also, 33% and 58% of follicles grew
fastin 5% Qand 20% @respectively.

Exceptfor Smitz, Cortvrindt and van Steirteghem (1998l other study results aligned on the
finding that 5% @was more favourable for follicle grow{Gook et al. 2013; Xu et al. 201apcyte
maturation (Eppig & O'Brien 1996; Eppig & Schroeder 1989; Xu2081) survival of follicléGook

et al. 2013; Yin et al. 201@netabolic functiongGook et al. 2013and reduced oocyte extrusion

(Yin et al. 2016(Table 1.7). This might be because higher oxygen concentration may contribute to
the production ofreactive oxygen speci€dROS]}hat leads to thedeath of GCghrough apoptosis.
However, the impact of oxygen on follicle growth, survival and oocyte maturation is still inconclusive
becausen previous studies follicles and mature oocythat produced live pupswvere grown in 20%

O2 (Eppig & Schroeder 1989; Parrish et al. 2011; Spears, De Bruin & Gosden 1996; Wang et al. 2011)
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Table 1.7: Effect of oxygen concentration in follicle culture

Reference Species Cuture condition Outcome
Eppig and COC from | 2D, 5%0+5% C® Oocyte grew from 56+0.29 to 68+0.23
Schroeder (1989) | isolated in 90% N pum, addition of FSH stimulated oocyte
murine maturation as indicated by germinal
antral vesicle break down
follicles
Eppig and O'Brien  COCs 2D, 5%0+5% C® Oocytes grew from 5.3 to 2.1 times bt
(1996) isolated in 90% N not comparable to equivalent aged
from mice
primordial
follicles
Smitz, Cortvrindt | Murine 2D, 5% 5% C@supported follicle viability,
and van secordary = Ox+5%C@+90%N  oocyte maturation and Hroduction
Steirteghem follicles and 5% Cgin air
(1996)
Xu et al. (2011) Secondary | 3D, 5% and 20% 5% Q increased follicle viability, AMH
macaque | O E2 and P4 production
follicle
Gook et al. (13) | Primary and 2D, 5%@+5% C® 5% Qsupported follicle growth,
secondary | in 90% Nand viability and cell proliferation
murine 20% Q
follicle
Yin et al. (2016) Human 3D, 5% and 20% | Low Q contributed to oocyte extrusion
preantral 07 and slow growth of follicle
follicles
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1.11 Hypotheses

1 Exposure of KGdarchomaderivedGCsand breast cancer MCFcellsto clinically relevant
doses of cyclophosphamide and doxorubicin singly and in combination will reduce the

numbers of viable cells

1 Use of collagenase before hyaluronidase will isolaitgher numbers ofviable GCsfrom

murine ovarian folliclethan collagenase alone

1 3D culture system will support folliclentegrity, growth, granulosa cell viability and

steroidogenesis vitro.

1 Exposure of murine follicles to th@mbinationof doxorubicin and cyclophosphada (AC)

will kill morefollicle cells thanexposure to each chemotherapeutdone.

1 The antioxidant properties of gToc will support follicutzll proliferation andsteroid

hormone production.

1 The addition of gToc to the two chemotherapeutic age®€) (will inhibit follicular ROS

generation and extend hormone synthesis.
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1.12 Aims

The aims of this projeare ¢

1 Toexamine the effectsf doxorubicin and 4ydroxycyclophosphamid@OHCY@n breast
cancer (MCF) and ovarian cancer cells (KGiid to detemine the IC values of these

commonly used chemotherapeutigs vitro.

1 To examine the effect of antioxidants (alpha, gamma and delta tocopherol and Q10) co
administered with doxorubicin andOHCY©@n KGN and follicleell viability and hormone

synthesis.

1 To cdevelop a technically simple and inexpensive method to disaggregate follicles and
produce a single cell suspensisutable for assessmeint a modified Trypan Blue Exclusion

assay.

1 To cetermine the number of GCsin freshly isolatedmurine follicles to use as a baseline
control in subsequent studiet® examine theeffects ofchemotherapeutis on folliclesin

vitro.

1 To conduct a geliminary study to culture murine secondary folliclasvitroin a 2D culture

system.

1 To establisha 3D culture system fanurine ovarian folliclethat can be applied to examine

the effects of chemotherapeutics used to treat breast cancer.

1 To &pose murine ovarian secondary follicles to doxorubidi@Hcyclophosphamide and
gamma tocopherol at EC25 dodes MCF7 breast caner cellsto examine their effect on

follicle morphology, growth, cell viability and hormone productinra 3D culture system
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2. CHAPTER TWOHARACTERISATIONTBE KGNGRANULOSREELL
LNE ANCEELECTION AQESTOONCENTRATIONS OF
CHEMOTHERAPEUTICS

2.1 Introduction

The study of follicle cell viability and reproductive hormone synthesis is key to understanding female
reproductive health.Granulosa and theca cells are the steroid producing cells in the ovary. The
granulosa cell layers within the folliclase avascular whereas the theca cell layers are vascularised
and connect to the ovarian strom&Csare separated from theca cells by a basal lamina. These two
types of ovarian cells produce a number of hormones including estrogen, progesterone and AMH
(Baarends et al. 1995; Broekmans et al. 2008; Havelock, Rainey & Carar20@d3pond to GnRH,

FSH and LH produced by the hypothalamus and pituitary d@dretser et ak004; Findlay et al.
2000; Groome et al. 1996; Makaniji et al. 2009)ese hormones regulate fertility by their effect on
follicular maturation, menstruation, menopause and sex drive. The diagnosis of female reproductive
health problems commonly startsith blood tests to measure these hormones. Therefore, study of
the production and regulation of these hormonasvitro is important to examine the effects of
chemotherapy and other pathologies. Although IVF derived hu@@&s(hGC)Alouf et al. 1997;
Kollmann et al. 2015; Wickings, Hillier & Reichert 1986; Yong et al. 1&82)primaryderived
human GCsfrom ovarian follicles have been used to study hormone producf{MoNdty et al.

1979; Pellatt et al. 2007)hese cells are not suitable for extended culture and it is difficult to obtain
adequate numbers of cells for experimer(tdishi et al. 2001a)n order to study the effects of
chemotherapeutics on ovarian steroidogenesis, an approprirteitro cell line is necessary. The
KGN cell line is derived from a carcinoma of the ovary and haslgsalike cells with a proliferation

rate of 46.4h(Nishi et al. 2001a)in addition, KGN cells express FSH receptors and 6YP450
aromatase activity, although the activity is approximately 50 times lower than prienyedGCs

(Nishi et al. 201a) The advantage of this cell line is that these cells possess most of the physiological

activities of human folliculatCsand have similar patterns of steroidogenesis.

Breast cancer is the most commonly diagnosed cancer among young adult womemnaofuetive
age(DeSantis et al. 2014; Ferlay et al. 2015; Tao et al. 20Bdoxorubicin and cyclophosphamide
are most commonly used to treat breast can¢eegha et al. 982; Morgan et al. 1997; Oktay &
Oktem 2007)The MCH, human epithelial breast adenocarcinoma cell line is suitable for examining

the effeds of breast cancecthemotherapguticson cell viability and the KGN granulosa cell line can
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be used to examine theffects of doxorubicin and cyclophosphamide on cell viability and hormone

production.

2.2 KGNl Line andlts Hormone Production

In women the production of estradiol varies with follicular stage and ranges fre6058y/mLin

small early stage folliclesnd from 256400 pgiLin larger late stage follicles in which 95% of
estradiol is produced by thé Csof dominant follicle and the corpus luteum (Becker, 2001, p. 930).
In vitro, the synthesis of estrogen by KGN cells was stimulated by androstenechomd ®3.7+6.5

to 1165+2 pg/10 cells and by cAMP from 170.7+3.5 to 4060+170 pYkidis aftera 72 hour
exposure(Nishi et al2001a) In vivg the synthesis of estrogen from androstenedione is mediated
by CYP450 aromatase BCqBoon & Simpson 2012; Miller & Auchus 2011; Pruitt 2016; Smyth et
al. 1993) Follicle stimulating hormone avia CAMP iGCdo increase the aromatase activity and
this may also have role in increasing the production of estrone (E1) or estradiol (E2) by K@&N cells
vitro (Nelson& Bulun 2001)

GCsstart to produce progesterone just before ovulation and primeeyived unstimulatedGCs
aspirated from follicles of 5 to 20 m(that were obtainedrom normally cycling womeérproduced
progesterone spontaneously, and FSH stimulatad grogesterone production Hold (Erickson,
Garzo & Magoffi 1991) The concentration of progesterone in the antral fluid of those follicles was
0.18 ngmL, and the concentration of androstenedione was 10 times higher than progesterone
(Erickson, Garzo & Magoffin 199%uggesing of degradation of progesterone to 17 alpha
hydroxyprogesterone oandrostenedione(Nishi et al. 2001a)Also, granulosa cell luteinisation
increases the production of progesterone by-4® mg per day and in the midteal phase plasma
progesterone levels can beg®5 ngimL(Becker 2001)This is because LH stimulates the production
of progeserone by upregulating 3 beta HSD (hydroxysteroid dehydrogenase) in luteirisesl
(Pelletier et al. 2001)Similar to primanderivedGCsKGN cells were able to produce progesterone
after 24h culture and stimulation by cAMRIishi et al. 2001a)The basal synthesis of progesterone
by 10 KGN cells was 0.24+0.05 and 0.26+0.05mgdfter 24 and 48 hours culte respectively
(Nishi et al. 2001a)

The determination of serum concentrations of AMH is important for fertility treatmentl a
reproductive research because AMH is produced only by&@eof growing folliclegLa Marca et
al. 2005; Visser et al. 200§ Cscollected during ocyte retrieval for IVF were cultured for 48 hours

or 6 days with or without FSH. The basal AMH production by 1@@¥vas 12.9+1.2 ng/mL and
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18.1+£2.9 ng/mL after 48 hours and 6 days respectively. Stimulation by 11U FSH increased this to
47.4+4.2 ng/mLiad 20.9£4.0 ng/mL i.e. more AMH produced in the first @8bllmann et al. 2015)

In another studyGCswere aspirated from follicles of 2 to 10mm that were isolated frovaries
removed from women undergoing transabdominal hysterectomy for benign gynaecological
conditions. The&sCswvere cultured at a density of 5x4DISNJ ¢ St Ay wnn >[ amd
plate for 48 hourqPellatt et al. 2007)GCsfrom different size folliclesvere cultured in different

wells. The isolate@Cgproduced AMH from 0.025 to 1.7 ng/mL (measured by ELISA from Diagnostic
Systems Laboratories, Oxon, g the production of AMH was reduced tWiincreasing size of
follicles (Pellatt et al. 2007)Also, the concentration of AMH was measured in the follicular fluid

from 14 follicles of 3 to 12 mm and it ranged from 42 to 2240 ngfiRdllatt et al. 2007)However,

the capacity of KGN cells to produce AMH has not been examined or reported.

It israrelypossible to study the effects of chemotherapeutics directly on ovani@s/a Therefore,

either primaryderived ovarianGCsor granulosdike cell lines are good experimental options.
Although cell lines are not perfect models for threvivosituation, they are easy to use, do not
require ethical approval, are easy to access, and areaftsttive. Moreoer, cell lines provide pure
populations of cells which give consistent and reproducible results during experiments. In contrast,
primary-derived cells are often not wetlharacterized, have slow proliferation rates and short life
spans. Therefore, the KGeell line is suitable for use in a study to examine the effects of
chemotherapeutics as long as it is well characterized and it manifests the functional features of the
targeted primary cellfKaur & Dufour 2012)It is theefore necessary to establish the basal
production of AMH and other hormones by the KGN cell line in our laboratory. This study aims to
determine KGN cell doubling time, and to measure basal hormone production for later comparison

with primary-derivedGCsxposed to chemotherapeutics.

2.3 Materials and Methods: Characterising KGalls

2.3.1 Cell Culture

The KGN granulosa cell lifiishi et al. 2001ayas kindly donated by Theresa Hickey, Research
Centre for Reproductive Health, Department of Obstetrics and Gynaecology, University of Adelaide,
and maintained in DMEM/F12 supplemented with insulin (5ug/mL), transferrin (5ug/md.) an
selenium (5ng/mL, ITS) and 10% foetal calf serum (FCS, DKSH, Melbourne, AUS). The cell line was
maintained in 75cm2 sterile tissue culture flasks (NUNC, Thermo Fisher Scientific) at 370C in a

humidified atmosphere with 5% G@nd subcultured every 23 days as required. The adherent KGN
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cell line was detached from 75cm2 flasks in their exponential growth phase at 80% confluence using
sterile TrypsiFEDTA, pooled together and centrifuged at 375g (1500rpm). The cell pellet was re
suspended in complete catllture medium and viable cells were counted on a haemocytometer

with trypan blue.

2.3.2 KGNl Doubling Time

KGN cell numbers after 24, 48 and 72 hours of incubation were examined to determine cell doubling
time. For each incubation period triplicate @& culture flasks were seeded with 2.5%1€ells
(1.0x10@ cells/cn?) in 8mLcomplete cell culture medium. Flasks were incubated for their prescribed
incubation period after which cells were again detached from flasks and the viable cell number was
determined by trypan blue exclusion assay. Cell proliferation rate was then determined using initial
and final cell numbers. Doubling times for each incubation period were calculated using the
doubling time equation presented below. Doubling times are expressethe mean * standard

deviation.

L2 3H
szmcfxﬁguwﬁ%s

t 23
In this equation,
t=time of incubation in hours
No=initial number of cells

N:=final number of cells

2.3.3 BasaHormone Production

KGN cells (80,000 cells per well) in six replicate wells were seeded into sterileeddlat bottom

plates in afinal volume of 0.2mlper well of complete cell culture medium and incubated3@tC

with 5% COfor 24h for KGN cell@laaskelainen et al. 2008 allow cell adherence to plates. All
outside wels of plates contained OmiLof sterile PBS to prevent evaporation in the inside treatment

wells. After the initial cell adherence period, the spent medium was removed from all wells and
stored €20°C) for the measurement of AMH, progesterone and estrdmjommunoassay. The cells

in the wells were then rinsed with sterile 1x PBS, and cell viability was determined by crystal violet
assay(Reidetal. 201®) pn >[ 2F nopz ONRallf GA2tSOG AYy p
YAYdzi S&Y RdzZNAY 3 gKAOK Al 02dzy8AyYi®@ pAKS>] RKENSD
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was added to destain the cells before measuring the absorbance at 63(fpadktistova, Geserick

& Leverkus 2016)The MeanzSD optical density values are shown.

2.3.3.1 Estradiol Enzyme Immunoassay (EIA)

Conditioned media were examined in a competitive Estradiol EIA (Cayman Chemical ELISA, Ann
Arbor, MI, USA) that uses a mouse aabbit IgG, and an acetylcholinesterase estradiol tracer. The
manufacturer reports a detection limit of 15pg/mL, and an irtisssay coefficient of variation ¢&)

of 7.8 to 18.8%. For this study, the estradiol standard was diluted in the DMEM/F12 taié cul
medium supplemented with 10% FCS and ITS to give concentrations that ranged from 6.6 to 4000

pg/mL.

2.3.3.2ProgesteroneEnzyme Immunoassay (EIA)
Conditioned media were examined in a competitive progesterone EIA (Cayman Chemical ELISA, Ann

Arbor, MI, USA) that uses a mouse monoclonal anti rabbit IgG, and an acetylcholinesterase
progesterone tracer. The manufacturer reports a detection limit of 10pg/mL, an-a&ssay
coefficient of variation (€V) of 7.5%, and an inteassay GV of 2.9%. For this styd the
progesterone standard was diluted in the DMEM/F12 cell culture medium supplemented with 10%

FCS and ITS to give concentrations that ranged from 7.18 to 1000 pg/mL.

2.3.3.3 AMHEnzymdmmunoassay (EIA)
Conditioned media were examined inwo-immundogicalstep sandwich type EIA (Immunotech,

Marseille Cedex, France) that uses an -&MH monoclonal antibody for capturing AMH, and
biotinylated monoclonal antibody together with streptavidieroxidase for detecting bound AMH

in the wells. The manufactar reports a detection limit of 1pg/mL, an intesssay coefficient of
variation (@V) of 12%, and an inteassay 6V of 14.2%. For this study, the AMH standard was
diluted in the DMEM/F12 cell culture medium supplemented with 10% FCS and ITS to give

concentrations that ranged from 0 to 150 pM.

2.3.4 Results
2.3.4.1 KGNDoubling Time

After applying the doubling time equation over the enti#2-hour incubation period, the KGN cell
doubling time was calculated to be 31.71 + 0.98 hours, but when only the £2&Hour incubation
period was factored into the equation, the doubling time was much faster at 15.52 + 1.23 hours.

This indicated that the KGN doubling time decreased with time in culture (

Table 21).
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Table 2.1: Cell doubling time of KGN cells (hours)

Incubation time Doubling time
(Hourg (Hours)
0-24 49.83+4.83
0-48 23.60+1.43
0-72 31.71+0.98
24-48 15.52+1.23
48-72 89.35+9.14
o 14
S 12
% 0 12.42
‘_(; 10.30
o 8
o
S 6
g 4
£ 3.50
2
> 2.50
0
OH 24 H 48 H 72H

Incubation time

Figure 2.1: KGN celtloubling time.

25 cn? flasks were seeded with 2.5¥1KGN cells per welCells were incubated for 24h, 48h and

72h before counting the viable cell numbers by trypan blue assay. Viable cell numbers (x10,000) were
plotted against culture period and the K@BIl doubling time in hours was calculated using the
equation, td = t x (log2 + logiNlo). The experiment was repeated on three different occasions (n=3),
meanzSD shown.

2.3.4.2 BasaHormoneProduction by KGN
KGN cells started to produce estrogen at @edeable limit at a density of 5,000 cells per well and

estrogen production gradually increased up to densities of 20,000 cells per #€lgB) Figure 2.
2 A). Similarly, progesterone synthesis was linearlgitesl to KGN cell densities?#®.99) Figure 2.
2 B). However, 24h culture of KGN cells did not produce any detectable levels of AMH.
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Figure 2.2 Basal hormone produced by KGN cellvitno

KGN cells were cultured in triplicate wells of 96 well plate at a density of 0 to 20,000 for E2 and 0 to
60,000 cells per well for P4 and AMH synthesis ftwo2ds Conditioned media aft&x4-hourculture

were then subjected to estrogen, progesteecand AMH ELISA. The experiment was repeated on
three separate occasions (n=3). Mean+SD of hormone produced by KGN cells at different densities

presented.
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2.4 Summary

The KGN cell line was derived from an ovarian adenocarcinoma, and not from heattanaells

but nevertheless the KGN cell line possesses many of the characteristics of pitegnagdGCsin

this study the KGN cell doubling time was approximately 50 hours, similar to that originally reported
by Nishi et al. (2001a}6.4h. The basal production of E2 and P4 suggested that these cells may have
similar steroidogenic capacities as norn@Cs In vivg androstenedione is a substrate for the
CYP450 aromatase enzyniBecker 2001; Nelson & Bulun 200However, it was previously
reported that KGN do not produce detectable levels of androstenedione even after stimulation with
CAMP for 24 hou(Nishi et al. 2001a)lthough KGN cells did show significant aromatase activity
while cultured in controlled mediéNishi et al. 2001a)The absence of androstenedione, or the low
concentration of androstenedione in 10% FCS probably affected the production of estradiol (E2) by
KGN cells. If KGN cells are cultured with androstenedione, it is likely tlsghBesis would be
increasedNelson & Bulun 2001)

There was no AMH synthesised by KGN cells. This might be bétaiveeAMH is produced bCs

in a tightly regulated ptaway mediated by autocrine and paracrine factors deriving from and acting
on the theca cellsGCsand oocyte, but KGN cells are immortalized ovarian adenocarcinoma cells
which may have compromised AMH synthd&&iright & Glister 2006; Zec et al. 20ahy also lack

the other components of the follicleHowever, the production of estrogen and progesterone
without stimulation by gonadabphins or need for precursor substrate is an indication of the
estrogenic andorogestogenicability of the KGN cell linelherefore, KGN cells are suitable for

examining the cytotoxic and gonadotoxic effects of commonly used breast cancer chemotherapies.
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2.5 Selection of Test Concentrations of Chemotherapeutics

2.5.1KGNExtendedDose

Breast cancer patients are commonly treated with doxorubicin and cyclophosphamide. After IV
infusion of doxorubicin at a dose of 60mg/rand cyclophosphamide at a dosdé 600mg/n?
(therapeutic dose ratio: 1:10), the plasma concentration reached 1.8+0.4pWenson et al. 2003)

and 0.2uM(Struck et al. 1987espectively in 24h after administration (plasma concentration ratio:
9:1).

Vitamin E includes 8 forms inciag 4 tocopherols and 4 tocotrienols. As a broad class, vitamin E
has been used for its antioxidant properties but tocopherols are better absorbed arehigher
biological activity than tocotrienol@rigeliusFiché et al. 2002; Dimitrov et al. 1991; Mangialasche
et al. 2013) It has been reported that the normal plasma le&IF h > i-tGcopherolayeR 1
29.26, 2.3, 1.88 and 0.27 pmol/L without supplementat{tangialasche et al. 2013Also,it has
beendemonstrated that deficiency of vitamin E is related to pathological condi{ibimaitrov et al.

1991; Legha et al. 1982; Mangialasche et al. 2013; Myers, McGuire & Young 1976)

Q10 is a coenzyenthat helps enzymes to produce energy for cell proliferation. In addition, it is a
potent antioxidant and inhibits apoptosts/ NI yS S & mddnT / NFryS Hn
NIH 2015) Q10 also has some cell protective functions such as acceleration of production of cell
membrane componergsuch as collagen IV and VII and lamikmirvitro, study also suggest that Q10
promoted fibroblast cell proliferatioty reducingcell deathand protectingagainst reactive oxygen

specie adzi F ¢ {1 FRF Sd Ff® wnndo

Treatment with doxorubicin and cyclophosphamide is associated withiveaaxygen species (ROS)
generation leading to sideffects(Ganz et al. 2017; Guo et al. 2011; Legha et al. 1982; Rogalska et
al. 2011; Singh et al. 2017; Swenson et al. 2088)ong various antioxidants, alphangma, and

delta tocopherol, and cenzyme Q10 were short listed based on their antioxidant prapsrt

cytotoxicity and bioavailability (Table 1.4).

Initially KGN cells were exposed to concentrations of chemotherapeutics and antioxidants found in
LJ- G A Bagriafd &ivobut this concentrationof 40HCY@id not kill KGN cells in comparison to
controls. Therefore, the concentration of doxorubicin that killed 50%@Ncells wascombined

with a40OHcyclophosphamide concentration (0.5uliat maintained the sameratio as that found
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Ay LI G A Sy(10Q)4 (sedtiinl- 26)Y The aim was to expose KGhhd MCF7 cells to
concentrations of test reagents to examine cell viahibiyd to select a suitable antioxidant to-co

expose with doxorubicin and 4@tyclophospamide

2.5.11 Materials and Methods

5.5.1.1.1 Preparation of Chemotherapeutics

Doxorubicin (Dox) (Sigma, Sydney, Australia) and 40HCYC (active metabolite of cyclophosphamide)
(ThermoFisher Scientific, Victoria, Australia) were added to DMEM/F12 mediumake stock
solutions of 10QuM and 1000uM respectively. These were stored 4tCand -20°Crespectively
(Hoffman et al. 1979; Ulukaya et al. 2008)mediately before use they were diluted foer to the

desired concentrations in DMEM/F12 with 10% FCS and ITS.

2.5.1.1.2 Preparation of Tocopherols
h-¢ 2 02 LIK S NP-tbcophdrot (8TOc), Xlelta tocopherol (dToc) (Sigma, Sydney, Australia) and

Q10 (Sapphire Bioscience, NSW, Australia) were dissolved in DMSO to obtain stock solutions of
10001M, and stored at4°C Immediately before use they were diad further to the desired

concentrations in DMEM/F12 with 10% FCS and ITS, such that the concentration of DMSO that cells
were exposed to was 0.25 to 0.8% DMSO. There was no significant difference in cell viability to this

range of DMSO concentrations.

2.5.1.1.3 KGN Cell Culture
The KGN granulosa cell line was maintained in DMEM/F12 supplemented with insulin (5ug/mL),

transferrin (5ug/mL) and selenium (5ng/mL, ITS) and 10% foetal calf serum (FCS, DKSH, Melbourne,
AUS). The cell line was maintained in 75aterile tissue culture flasks (NUNC, Thermo Fisher
Scientific) at37°Cin a humidified atmosphere with 5% e@nd subcultured every 23 days as
required. The adherent KGN cell line was detached from #Hasks in their exponential growth

phase at 80% cadluence using sterile TrypslEDTA, pooled together and centrifuged at 375g
(1500rpm). The cell pellet was-seispended in complete cell culture medium and viable cells were

counted on a haemocytometer with trypan blue before seedirig a 96 well plate

2.5.1.1.4 MCF-7 Cell Culture

The human epithelial breast adenocarcinoma cell line MCOKTCCOHFBH n 0 g1+ & 2001 Ay
the America Type Culture Collection (ATCC) and maintained in RPMI media, supplemented with 10%
FCS and 1% v/v of 10,000 units/mlnjeélin and 10mg/mL streptomycin. Media were replaced

every 23 days and cells were harvested with 0.1% trypsin EDTA solution armiisuted when

76



80% confluent. Cell culture flasks containing cells in exponential growth phase were used for all
experimens. A 96 well plate was seeded with 20,000 cells per well and incubated foo24to

allow cell adherence condition 87°Cand 5% C©

2.5.1.1.5 Exposure to Test Reagents

For the examination of chemotherapeutics and antioxidants, a 96 well flat bgitate was seeded

with 25,000 (for aToc and gToc) and 10,000 (for dToc, Q10, doxorubicin and cyclophosphamide)
KGN cells per well.-80,000 cells/well were added to another plate, with each cell density in 6
replicate wells, to form a standard plot for tMTT assay. After a 24h adherence period, the MTT
was applied to the standard plot plate, and chemotherapeutics or antioxidants were added to the
treatment plates along with an assay negative control (medium only), and a vehicle control for the
tocopherols (0.8% DMSOQO). There were two treatment plates on each occasion. The exposure
durationsare shown inTable 22. Test reagents were added at concentrations showTable 2.

3. Cell viability was assessment by MTT assay. Each concentration was examined in three replicate

wells. This experiment was repeated on 3 separate occasions (n=3).

Table 2.2: Exposure to chemotherapeutics witlvithout antioxidants

Exposure to test Duration of cell culture
Treatment plate .
reagents without test regents
Plate 1 (24h+) 24h 0
Plate 2 (24h+244) 24h 24h

Table 2.3: Concentrationsof antioxidants and chemotherapeutics

Reagents Test regent concentrations

aToc 50pM | 75uM | 100uM

gToc 50uM | 75uM | 100pM

dToc 25uM | 50uM | 100pM  200pM | 400pM

Q10 6.25UM | 12.5uM | 25uM = 50uM | 100uM
Doxorubicin 0.2uM | 0.4pM | 0.8uM  1.6pM | 3.2uM  6.4uM

40Hcyclophosphamide 1.25uM| 2.5uM = 5uM | 10uM | 20puM | 40uM
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2.5.1.1.6 The MTT Cell Viability Assay
This assay quantified mitochondrial succinate dehydrogenase conversion of MTT to formazan

(Yourg, FM, Phungtamdet, W & Sanderson, BJ 20BBjore adding MTT, the media containing
chemotherapeutics, antioxidants and all dead unattached cells were removed. The remaining
adherent cells had 0.5 mg/mL MTT added for 24h at 37 °C and 2%lt@&Xells athformazan were
solubilised by the addition of 20% SDS in 0.02 M HCI for 24h. The absorbance was measured at 570
nm, with reference absorbance 630 nm, using an automatic spectrophotometer and KC Junior
software. The numbers of viable cells were determifdcomparison with the standard curve

generated using KGN or MCFeells from the same experimental replicate.

2.5.1.1.7 Determination of Inhibitory Concentrations (IC values)

It was considered that theoncentrations that reducedbreast cancer cell lineMCF7) viability
should be used to model the effects of breast cancer chemotherapy on ovarian follicles or cells
Hencethe breast cancer cell linglCF7 was used for determining the inhibitory concentrations of
test reagents. Cells were exposed to incegrtal concentrations of test reagents for 24h and cell
viability was examined in a MTT assay. IC25 and IC50 values were calculated usidmeanon
regression analysis generated by GraphPad Prism (Version 5.00, San Diego, CalifornidneUSA).

experimentwas repeated on 3 separate occasions.

2.51.2 Results

2.5.1.2.1 Cytotoxic Effects of Antioxidants and Chemotherapeutics

Among the antioxidants, aToc and gToc wereaybttoxic to KGN cells up to 200uM concentration
(Figure 23). dToccauseda dose dependent decreaseKGNcell viability and it interfered with cell
division at its highest concentration (400uM). Q10 increased the viability of cells until 25uM but it
decreased cell viability both after 24h+ anch224h exposure atoncentrations higher thaB5uM
(Figure 2.3). Doxorubicin was more cytotoxic to KGN cealfter a 24h+24 exposure while
cyclophosphamide did not kill any ceflsring a24h+ exposure but incrsad viability at 1.25 and

2.5 pMafter a24h+24 exposure.
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Figure 2.3 ExtendedKGNdose response to antioxidants and chemotherapeutics

KGN cells were exposed to antioxidants or chemotherapeutics (doxorubicin and cydiaptidsp

at increasing doses for either 24h or 24h with subsequent culture in media for 24h. Cell viability was
determined by MTT assay. Mean£SD viable cell numbers are shown. Data were analysed by applying
oneg @ ! bhz! GgAGK ¢dz]l Seé Q&Signifidant diffetancs, * 0x0.5 HIpI0RE 2 v
and *** p<0.001 in comparison to control at same culture duration. Data were subjected to two
way ANOVA with Bonferroni petgst, significant difference, a p<0.5, b p<0.1 and ¢ p<0.001 from
24h+ at same dose.
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2.5.1.2.2 1C50s of Doxorubicin, Cyclophosphamide and Gamma Tocopherol
Doxorubicin and cyclophosphamide are commonly used to treat breast cancer and hence the IC50s

were calculated using the epithelial breast adenocarcinoma cell line-{MNI@Fean IC25and IC50s

are shown(Table 2.4)

A Doxorubicin IC50 calculations (24h)
50000~
40000+
-
= 300004
z
= 20000
3
10000- c gamma-tocopherol IC50 calculations (24h)
50000-
0 1 T 1 L]
0.0 05 10 1.5 2.0 40000- |
Log value of DOX concentrations 5
f=]
£ 30000
B Cyclophosphamide IC50 calculations (24h) || Z 200004
[
100000+ o
10000
80000+ _ 0
@ I 00 05 10 15 20 25
2 60000' ® 2
g 1 Log value of g-toc concentrations
< s000] 4
a
o
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Log value of CYC concentrations

Figure 24: 1C25s of treatments against MCF7 cells

A 96 well plate was seeded with 20,000 MC¢ells per well and incubated for Bdursto allow

cell adherence and cells were exposed toeimental concentrations of test reagents for 24h at
37°Cand 5% Cg& Cell viability was examined in a crystal violet assay. IC25 and IC50 values were
calculated using a nelinear regression analysis generated by GraphPad Prism (Version 5.00, San
Diego, Caiflornia, USA). Mean inhibitory concentrations of 3 experimental replicate presented.
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Table 2.4: IC25s of doxorubicin, cyclophosphamide and gToc against MCF7 cells.

Treatments IC 25 (M) @ IC 50 (M)
Doxorubicin (Dox) 1.21 3.63
Cyclophosphamide (Cyc) 21.23 63.69
Gamma Tocopherol (gToc) 35.1 105.3

2.51.3 Summary
Among the antioxidants, dToc was the most cytotoxic toward KGN cells but it has the least

antioxidant activity in comparison to aToc and géo¥ | Y| f m9f RA Y gOn!thelbtief || JA a
hand, in this study Q10 stimulated KGN cell viability. Hence, due to higher cytotoxicity and lower
antioxidation activitydToc was noselected foruse withthe chemdherapy regime. Also,the cell
proliferation supporting activity of Q10 mapse ariskto the cancer patient by promoting cancer

cell proliferation.

Between aToc and gToalthough gToc has less antioxidant activity than ado¥ | Y I f m9 f RA
Appelgvist 1996)it is the most abundant form of vitamin E in human djeu, J et al. 2010)
Moreover, gToc hmdemonstrated anticarcinogenic properties against large cell lung carcinoma
cells(Lu, J et al. 2010¢olon and prostate cancéCamplell et al. 2003; Smolarek, AK & Suh, N 2011)

and breast cancefSmolarek, AK & Suh, N 2011t)is therefore anticipated that the ROS produced

by doxorubicin and cyclophosphamide during treatment of breastcer will be reduced by gToc

but that mayadditionally augment cancer cell deati. this study it was promising that the gToc

IC25 for MCH cells, 35 uM, had no effect on and was not cytotoxic to the ovarian carcinoma derived

KGN granulosa cell line.

Doxorubicin reduced viable KGN cell numbers significantly (p<.001) at 0.2uM after 24h exposure
with subsequent 24 culture which was suggestive of interference with KGN cell replication because
cell doubling time of KGN cells is 46.4 hoNsshi et al. 2001a)Although cyclophosphamide was

not cytotoxic after 24h exposure, it increased cell numbers at a concentration of 1.25 pdv/Pbut
thereafter reduced cell viability which indicated that cyclophosphamide is not cytotoxic at lower
concentration. Therefore, it was necessary to determine the IC50s of doxorubicin,

cyclophosphamide and gTae vitro by exposing them to cancer cel{breast cancer cells). IC50s
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determined in this study were higher than the plasma concentrations of respective test agents

(Table 25)

Table 2.5: IC50s of test agents and plasma cont@tions

Test agent IC50 IC25 Plasma Therapeutic dose
(UM) (UM) concentration (LM)

Doxorubicin 3.63 1.21 1.8+0.4 60mg/n?

40HCYC 63.69 21.23 0.2 600 mg/nt

gToc 105.3 35.1 -

Doxorubicin: 40H 1:18 1:18 9:1 1:10

cyclophosphamide

IC50s and IC25s of dwowbicin and cyclophosphamide suggest that the effective inhibitory
concentrations were different from that oih vivo concentrations.Later studies using follicles

appliedthe IC25s determined in thia vitro study.

2.5.1.4 Concludindgremarks
Initial data using the KGN cell line is exciting since it suggests there is potential for an improved

ovarian friendly chemotherapy. Since the ultimate aim is to test effects of chemotherapeutics on
whole follicles, need to find the best or correct concentrationsuse in follicle studies. Based on
the MCF7 and KGN data it was decided not to use clinically relevant patient serum concentrations,

but instead to useén vitroderived9 / H Jd&bk 25).
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2.6 Effect ofChemothS NJ- LJS dzii A d@@pheloyoR MGH Breast

Adenocarcinoma and KGRvarian CarcinomaCell Lines|In Vitro

Some replication of content (introduction and background) follows because thesis section 2.6 has
been submitted as a manuscript for publication. Théadats presented in section 2.6 are distinc

and different from previous datasets.

2.6.1Introduction

In the United States, approximately 1,800 women are diagnosed with breast cancer each year
(DeSatis et al. 2014)pand it is the second leading cause of canedated death in womer{Key,
Verkasalo & Banks 2001 20086.6% of all breast cancer cases were diagnosed in women younger
than 40 years of age, 2.4% in women younger thar{A3i et al. 2013)n 2012, 15,050 women

were diagnosed with breast cancer in Australia, with a risk of diagnosis before the age 50 of 2.2% or
1 in 46(Ferlay et al. 2015)n Malaysia, Singapore and other Asian countries breast cancer patients
are up to a decade younger than in developed countries, and this premenopausal cohort <35y forms
approximately 25% of all breastncer patientqTiong et al. 2014)Up to 90% of breast cancer
patients survivefor 5-years following diagnosig-erlay et al. 2015)ut find that chemotherapy
induced premature ovarian failure and infertility reduce their quabf life (Baucom et al. 2006;

Ganz 2005; Ganz et al. 2003; Ganz et al. 1998; Mariotto et al. 2007; Mor, Malin & Allen 1994; Morgan
et al. 2012)

Best practice treatment for women with primary breast cancer invelggstemic therapy with
hormonal agents, combined chemotherapeutic regimgeor both (Connolly & Stearns 2013)he
combination of the chemotherapeutic agents doxortihi(Adriamycin) and cyclophosphamide (AC)
is wellestablished(Bray et al. 2010)and is also used as part of multidrug schedules for treating
advanced beast cancefJoerger et al. 2007)n phase Il randomised trials, an AC regirskowed

a response rate of 50% in advanced cancer patients, and complete remissior{NaiZB6ltz et al.
2003) Breast cancer patients are commonly administered amsioh of doxorubicin intravenously
(60mg/n?) then an infusion of cyclophosphamide (600mg)iiDees et al. 2000; Jones et al. 2Q06)
YR (GKS&S NBadzZ# 4 Ay L LFayl O2yOSyiN}{iAz2ya 27
infusion (Swenson et al. 2003) The administration of 600mg/rcyclophosphamide to a mixed
cohort of oncology patients resulted in serum concentrations-blydroxycyclphosphamide that
ranged from 0.23 to 1.08y/h/m?in the 24h period after administration. The serum concentrations
of 4-hydroxycyclophosphamide were highestd after the administration of cyclophosphamide

(Struck et al. 1987ppproximatey 0.5ug/mL (0.02uM).
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2.6.1.1 Chemotherapeuticdlechanism ofAction

Cyclophosphamide is an inactive prodrug that requires metabolic activation to release the active
phosphoramide mustardgEmadi, Jones & Brodsky 200Bnzymatic activation begins in the liver
through hydroxylation of cyclophosphamide by cytochrome P450 to form 4
hydroxycyclophosphamide and aldophosphamide, which coexist and diifesly into the cells.
Intracellular aldophosphamide is metabolized into phosphoramide mustard and ac(Bleduy &
Yule 2000; Emadi, Jones & Brodsk§®DOPhosphoramide mustard intercalates within the DNA and
causes intrestrand and interstrand crosdinks, thus interfering with DNA replicatiqong et al.
1995) Because the parent cyclophosphamide molecule has necantier activity and requires
hepatic activation, a synthetic compound;hgdroperoxycyclophosphamidé4HPGP) and its
metabolite 4hydroxycyclophosphamidé4OHCY) have been used to examine the effects of
cyclophosphamidén vitro (Dees et al. 2000; Ozer et al. 19824 in vivo(Teicher, BA et al. 1996;
Yuksel et al. 2015)

Doxorubicin, an anthracycline agent, causes cytotoxicity to cancer cells by intercalating into DNA at
double strand DNA breaks in a topoisomerdisdependent manner, which results in the inhibition

of DNA replication, synthesis andtosis(Tewey et al. 1984; Thorn et al. 201Doxorubicin also
induces the production of reactive oxygen species (ROS) which cause lipid peroxidation and damage
to cell membranes(Gewirtz 1999) Doxorubicinis oxidised to an unstable metabolite or
semiquinone. Doxorubicieemiquinone reoxidation releases reactive oxygen species, which in
addition to causing lipid peroxidation and oxidative ssgalso trigger apoptosis and cell death
(Doroshow 1986)It remains unclear whether these mechanisms occur simultasigar as a chain

reaction.

2.6.1.2Adversedde-effects ofDoxorubicin andGyclophosphamide

The administration of doxorubicin and cyclophosphamide to breast cancer patients can induce a
number of acute sideffects including granulocytopenia, fever anéeiction, emesis, mucositis and
diarrhoea(Legha et al. 1982 yclophosphamide prevents suppressael activation(Ozer et al.
1982)whereas doxorulzin induces acute and chronic cardiotoxidityegha et al. 1982jvhich may

lead to cardiac dysfunction, cardiomyopathy and eventually to heart failure and de¥ésiiace

2003; Yeh & Bickford 20Q9pespte numerous studiegChatterjee et al. 2010; M., S. & S. 2003;
Takemura & Fujiwara 20Q7the precise mechanism for doxorubigimduced cardiotoxicity is not

completely understoodZhang et al. 2008) L { Q &thadROEgere@i&droxidative stress plays
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a pivotal role cardiomyocyte death, as doxorubicin treatment increases oxidative stress and disrupts

cytosolic calcium homeostagighang et al. 2009)

2.6.1.3Effect ofDoxorubicin andGyclophosphamide or®varian Follicles

The chemotherapeutic combination of doxorubicin and cyclophosphamide causes premature
ovarian failure in premenopausatdast cancer patientéMeirow et al. 2A0; Morgan et al. 2012)
Doxorubicin and cyclophosphamide as single agent target divid@gn growing folliclegDowns

& Utecht 1999; Zhao et al. 2010)heseGCgproduce antiMillerian hormone (AMH) that regates

the rate of follicle activatior{(Durlinger et al. 1999)The loss of growing follicles and consequent
decrease in AMH is thught to result in an increased recruitment of quiescent primordial follicles to
activate and grow(Morgan et al. 2012)Therefore the repeated cycles of chemotherapy may
substantially reduce the amount of primordial follicles in the resting blargan et & 2012) The
effects of the combined reginmeon the GCof the ovary have not been described. In animal studies,
doxorubicin alone and cyclophosphamide alone caused a significant loss of ovarian {Miockpesn

et al. 2012; Yucebilgin et al. 2004he administration of cyclophosphamide to rodents caused a
dosedependent loss gprimordial and primary follicle@Meirow et al. 1999; Petrillo et al. 2011h
another study, ovaries collected from 4 day old mice were expaseditroto 0 ¢on>a n
hydroxycyclophosphamide, and this resulted in significantly fewer healthy primordial and small
primary folliclefDesmeules & Devine 2006jth DNA double strand breaks in the oocy{eetrillo

et al. 2011) An immunodeficient mouse model in which human foetal ovary pieces were
xenografted into the mice then treated with a single dose of 200mg/kg of cyclophosphamide, found
a 93% reduction in primordial falle density with cell death by apoptosis after 48ktem & Oktay
2007b) It was also found that oocytes showed evidence of apoptotic cell deatieethan the
follicular GCqOktem & Oktay 2007b)In a subsequent study, ovarian cortical pieces from cancer
patients were assessed to qualytithe impact of chemotherapy on primordial follicle counts and
patients who had previously received any kind of chemotherapy had significantly fewer primordial
F2fft A0t Sa GKIFIYy (GKS O2y iNRf 3INPRddzZI @Reml&OkiaySy ( &
2007c) Those who were treated with cyclophosphamide as part of their treatment regimens had
fewer primordial follicles than patients who were treated with nalkylating agentgOktem &
Oktay 2007c)

Doxorubicin caused apoptosis in mature murine oocy@esisicova et al. 2006; Perez et al. 1997)
Mice administered 7.5 or 10 mg/kg doxdmain IP had significantly fewer primordial and secondary

follicles 1 month later, and levels of ovarian apoptosis incredBetdtAharon et al. 2010aRoti et
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al (2012) administered 20mg/kg (twice the human equivalent dose) doxorubicin4®vézk old

mice andfound doxorubicin irthe ovarian stromal cells 2h later. The accumulation of doxorubicin
was related to the location of follicles in the ovary; it was found in the larger centrally located
follicles soon after administration and in the peripherally located primary and priraldiallicles 6h

later. More apoptosis occurred in granulosa cell populations than the stromal cells, and oocyte DNA
fragmentation was first detected 10 hours post inject{®toti et al. 2012)Iin anotherin vitro study,
human ovarian cortical pieces were exposed to different doses of doxorubicin. After 24h
doxorubicin caused dosgependent doublestrand DNA breaks in primordial follicles, oocytes and
GCs(Soleimani et al. 2011Poxorubicin also caused apoptosis in a ddspendent manner in
cultured ovaria cortical tissues with a significant increase in the petage of apoptotic follicles

F FGSN) SELIR&Adz2NE (2 mnn>3kY[ 2F R2E®Numolddthay @ ¢ K
exposed SCID mice xenografted with human ovarian tissue to 10mg/kg of doxo(Slmlemani et

al. 2011)

It is clear that cyclophosphamide alone, or doxorubicin alone, have adverse effects on the follicular
GCsof the ovary, butthere are no reports describing the gonadotoxic effects of the combined

regimen that is used ¢ treat breast cancer patients.

2.6.1.4KGNGranulosaCell Line

The human KGN gralosa cell line was established from an invasive granulosa cell carc{iNisha

et al. 2001b) KGN are an adherent cell line that maintain most of the physiological activities
observed in normalGCsincluding the expression of Folliedmulating hormone (FSH) receptor,
aromatase activity, and oestrogen synthesis. Nishi et al., (2001) foundthht cells also secrete
pregnenolone and progesterone in culture and the production of these hormones can be increased
by stimulating the cells with dibutyryl cAMRishi et al. 2001b)The KGN granulosa cell line can
therefore be used to examine some of the gonadotoxic effects of a combined regahe

doxorubicin and cyclophosphamide vitro.

2.6.1.5Vitamin E andCancer
Histological features of doxorubicinduced cardiomyopathy are similar to those caused by vitamin

E deficiencylLegha et al. 1982; Myers et al. 19,780d this observation suggested that both were a
result of RO$hduced membrane lipid peroxidation. Vitamin E prevents the propagation o{IRQS
G et al. 2010and this led to the proposal that supplementation of chemotherapy with vitamin E

might prevent doxorubiciinduced cardiotoxicityEarly studies suggested that vitamin E decreased

86



the toxicity of doxorubicin without reducing its effectiveness as chemotherapeutic {Geetha et

al. 1990; Herman & Ferrans 1983; Krid7®; Lubawy, Whaley & Hurley 1979; Milei et al. 1986;
Myers, McGuire & Young 1976)he doxorubiciinduced ROS damage was significantly lower in
mice receiving higher doses of vitamin (Ehabrew et al. 1999)Additionally thein vivo
administraion of a watersoluble prodrug of vitamin E reduced doxorubicin (15mg/kg) induced liver

lipid peroxidation in mice in a dosiependent mannefNagata et al. 1999)

Vitamin E consists of eight structurally distinct compounds synthesised by plants, that are classified
as tocopherols (alpha, beta, gamma and delta) and toeotiis (alpha, beta, gamma and delta)
(BrigeliusFlohe et al. 2002; Lu, G et al. 2010; Smolarek, A & Suh, N Bitijna tocopherol is the
prominent form in the human diet and is found in some vegetable (@ifgeliusFlohe & Traber
1999) Tocopherols have antioxidant activity against R@@8ced lipid peroxidatiorfTraber 2007,
Traber & Atkinson 200).

¢ KS I RYAY A-todophirai to 2lybre@sFcariter patients, prior to chemotherapy, elevated
serum concentrations a-tocopherol to 8.5mg/mL; 6 to 8 times higher than baseline level. Despite
this, there were no effects; thaT did not augment dicacy of the chemotherapeutics, and did not
decrease toxic sideffects(Legha et al. 1982Dther clinical trials have had varying results. Dietary
adzLILX SYSy il (A 2yl ywReartkeneMfar 3.5y sedute8 tfidintz¥ence of cancer in one
study (Day & Bingham 1994)nd the incidence of prostate and bowel cancer, but not stomach
cancer, in another cohort of male smokedideinonen et al. 1998)A larger, more recent study
howeverfoyy R G KIFG RASGOFNE adzllll SYSyidlFadAazy gAGK h¢

prostate cancer (Klein et al 2011).

Although there are conflicting results about the aoéincer properties of alpha tocopherol, recent
studies support the chemotherapeatpotential of other tocopherols. Delta and gamma tocopherol
increased the levels of prapoptotic proteins, whilst inhibiting expression of aapoptotic proteins

in vivo(Smolarek, A & Suh, N 20XId inhibited the proliferation of human breast cancer ceils
vitro (Lee et al. 2009; Smolarek, A & Suh, N 20Gamma tocopherol had artimour activityin
animal models of colon and prostate can¢®molarek, A & Suh, N 20Hhd delayed the formation
of breast cancer tumours in rodent modé&molarek, A & Suh, N 201Gamma tocopherol induced
apoptosis in breast cancer cells vianggulation of DR5 expressi@Klein et al. 2011)and through

activation of preapoptotic INK/CHOP/DR5 mediated events.
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We hypothesised that the combination of doxorubicin and cyclophosphamide would be more
cytotoxic to the human breast cancer cell line MGRnd the hman cancetderived granulosa cell

line KGN, than each chemotherapeutic agent alone. Both alpha and gamma tocopherol are
antioxidants with the potential to reduce chemotherapeutiluced ROS damage and
consequently reduce cytotoxicity, but gamma tocopheadtlitionally has anticancer activity. We
therefore hypothesised that gamma tocopherol, but not alpha tocopherol, would augment the

cytotoxic activity of the combined AC regimia vitro.

2.6.2Materials andMethods
2.6.2.1Chemicals and Reagents:
All chemicals and reagents used in this study were obtained from Sijlahdch (Australia), unless

specified otherwise.

2.6.2.2Preparation ofSolutions:

Stock solutions of doxorubicin andhgdroperoxycyclophosphamidéThermoFisher Scientific,
Victoria, Austréa) were prepared in RPMI media and 10% foetal calf serum (FCS) (DKSH, Victoria,
Australia) for MCH cells or in DMEM/F12 media and 10% FCS for KGN cells at concentrations of
100puM and 1000uM respectively. These solutions were kept°’@tahd-20°C respetively for a
maximum of 3 months and were diluted immediately before use. Stock solutions of alpha and
gamma tocopherol were prepared by diluting the compounds in DMSO to yield solutions of
1000uM. These were stored for a maximum of 3 months’& Burther dilutions in the appropriate

cell culture medium were prepared immediately before use, such that the concentration range of
DMSO that cells were exposed to was 0.25 to 0.8% DMSO. The 0.5% crystal violet stain was prepared
in a 50% methanol (99.9% pur&0% acetic acid was diluted to 33% with demineralised water, to

be used as a destain solution in the crystal violet assay.

2.6.2.3CellQulture

The MCH human epithelial breast adenocarcinoma cell line was obtained from the America Type
Culture Collectin (ATTC) and maintained in RPMI media, supplemented with 10% FCS and 1% v/v
of 10,000 units/mL penicillin + 10mg/mL streptomycin. Media were replaced ev8rdds and

cells were harvested with 0.1% trypsin/EDTA solution. The KGN human granulosa caicztidime

gl& YFAYOGFAYSR AYy 5a9akCmH  &adzlJLX SYSYGSR gAGK
selenium (5ng/mL, ITS), 10% FCS and 1% of 10,000 units/mL penicillin + 10mg/mL streptomycin.
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Media were replaced every-2 days and both cell lines were sabltured twice a week. Cell culture

flasks containing 80% confluent cells in exponential growth phase were used for all experiments.

2.6.2.4Effect ofDoxorubicin, 4K @ RNR2 LISNR E& O& Of 2 L¥@pghed onWICRR S > b
and KGNzl Viability

MCF7 cels (20,000 cells per well) and KGN cells (25,000 cells per well) were addedvell 96
microplates. After a 24h adherence period, supernatants wensoved,and cells were exposed to
100puL of chemotherapeutics or tocopherolsable 26). The chemotherapeutic doses selected for
this in vitro study, bracket the clinicain vivoserum concentrations of doxorubic{wenson et al.
2003) and 4hydrocyclophosphamidd€Struck et al. 1987fTable 2.6). Cells were exposed to
chemotherapeutics and tocopherols according to four different schedules: 24h exposure, 24h
exposure + 24h culturem media, 24h exposure + 48h culture in media, or 72h continuous exposure
where reagents in medium + 10% FCS were replenished every 24h. After exposure to
chemotherapeutics and tocopherols, media containing reagents were collected and frozen, and the
cellviability was assessed Ithe crystal violet (CV) assdyach concentration of chemotherapeutics
was examined in three replicate wells and the experiment was repeated on 3 separate occasions

(n=3) for each of the two cell types.

Table 2.6: Concentrations of chemotherapeutics and tocopherols. Dox: Doxorubddit, GP 4-
K&@RNRLISNRE®@ O& Of¢ 2108y 2 D RIKIK-§ ARTEpherol.

Single agents Concentrations (uLM)

Doxorubicin 0.5, 10, 25

4-hydroxyperoxycyclophosphamide 0,05,1,25

a-Tocopherol 0, 50, 75, 100

y-Tocopherol 0, 50, 75, 100
Combined agents Concentrations (uM)
Doxorubicin + 4-hydroxyperoxycyclophosphamide Low 10 (Dox) + 1 (4HPCYP)
Doxorubicin + 4-hydroxyperoxycyclophosphamide High 25 (Dox) + 2.5 (4HPCYP)
Doxorubicin + 4-hydroxyperoxycyclophosphamide + a-Tocopherol Low 10 (Dox) + 1 (4HPCYP) + 75 (a-Toc)
Doxorubicin + 4-hydroxyperoxycyclophosphamide + a-Tocopherol High 25 (Dox) + 2.5 (4HPCYP) 75 (a-Toc)
Doxorubicin + 4-hydroxyperoxycyclophosphamide + y-Tocopherol Low 10 (Dox) + 1 (4HPCYP) + 75 (y-Toc)
Doxorubicin + 4-hydroxyperoxycyclophosphamide + y-Tocopherol High 25 (Dox) + 2.5 (4HPCYP)+ 75 (y-Toc)
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2.6.2.5Crysgal Violet Cell Viability Assay

{ dzZLISNY I G yia ¢ SNEBCrskible(©/SRin (0.3%).Rhereailswere stained and
fixed for 10min at room temperature. Excess stain was rinsed away with demineralised water, and
OSftta oSNBE STl G2 AN RNE 20SNYAIKIGO pneity[ 2F
was read at 570nm with correction at 630niReid et al. 2015)A crystal violet standard plot was
produced in each replicate experiment in which cell densities ranged frqQi®00000 cells per well

in replicates of 6 for each cell density. Absorbance readings were plotted against cell densities with
an average linear correlation of R 0.99 (n=3) reptate experiments for MGF cells and R= 0.97

(n=3) replicate experiments for KGN cells. Numbers of viable cells after exposure to
chemotherapeutics and/or tocopherols were determined by comparison with the CV standard

curve.

2.6.2.6Estradiol Enzyme Immoassay (EIA)

Supernatants from each separate KGN culture experiment (n=3) were examined in a competitive
Estradiol EIA (Cayman Chemical ELISA, Ann Arbor, Ml, USA) that uses a moaiskitigs, and

an acetylcholinesterase estradiol tracer. Detectiamges from 6.6 to 4000 pg/mL, and the intra
assay coefficient of variation (CoV) ranges from 7.8 to 18.8%. For this study, the oestradiol standard
was diluted in the DMEM/F12 cell culture medium to give concentrations that ranged from 6.6 to
4000 pg/mL. Aseparate standard plot was constructed for each experimental replicate (n=3) and
the lowest R value was 0.99. Concentration of estrogen was determined by comparison with the
standard curve. Estrogen/cell concentration was calculated by dividing pg/métrofyen by the

numbers of viable cells in the corresponding well.

2.6.3StatisticalAnalysis

To examine the dosdependent effect of chemotherapeutics and/or tocopherols a-oveey ANOVA

with Tukey HSD and Bonferroni pdgic was conducted. To examine thigeet of the four different
exposure schedules on cell viability, an ANOVA was conducted that used the periods of culture as
independent factors. Statistical significance was assessed by Tukey HSD and Bonfersloo¢ post
tests. A onewvay ANOVA with Tukey3® poshoc was conducted to examine estrogen production.
These statistical analyses were performed using SPSS statistics software (V22.0 IBM, Australia).
{GFrO0Aa0A0FE &aAIYAFAOLYOS gl a asSad d LI X nodnpd

replicates, and all data expressed as mean * standard deviation.
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2.6.4 Results

KGN (25,000) and M&H20,000) cells were used to seed each well, and after 24h adherence and
24h culture in control conditions, cells had proliferated to 113,600 + 15,600 ¢eBwell and
38,100 + 4400 MCF cells/well Figure 25 A).

Doxorubicin caused death of both MZFand KGN cells in a deskependent manner. The number

of viable MCF cells decreased significantly whentreated G K p=~ mn 2NJ Hp>a RZ2E
to the control Figure 5! 0 & { AYAf I N¥ @X YDb OStf ydzYoSNaB I ¥
was 73,500+11,200 cells/well; significantly lower than the medium contr@dhfexposure to 5uM
doxorubicin was more cytotoxic to the MCFell than the KGN cells, killing 54 and 35% of the cells
respectively Exposure to doxorubicin followed by 24h or 48h culture with medium alone did not
result in cell recovery in either cdithe (Figure 25 B and C), and there was no significant difference

in the number of viable cells that were exposed for 24h then cultured for another 48h, and those

that were exposed to doxorubicin continuously #&h Figure 25 C and D).
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Figure 25: Doxorubicininduced cytotoxicity.

MCFT | yR YDb OStfta 6SNB SELR&SR (2 52E2NH20AOAY
and 24h clture with medium (24H+244] C) 24h exposure and 48h culture with medium (24H+48H

), or D) 72h continuous exposure (72H+). Complete RPM{QHMEMEM/F12 (KGN) without
R2E2NHz0AOAY 6n>a0 ¢l & dzASR | & I OdeyaSssygifvihich St ¢
cell number was obtained by comparison with a standard curve. Means + SD of 3 independent
experiments shown. Data analysed by @nk & ! bh +! g A KR O dd]|SSeiam FlLUIZ2 K
ndénmI FfFF LI X nonnnm O2YLI NBR (2 O2yGNRf O

4-hydroperoxycyclophosphamid¢4HPCYP) had no effect on KGN cell viability. No significant
RAFFSNBYOS y20SR Ay OS thydéoperaxidclophSsphamida G K

compared to the control. Likewiselifferent exposure and culture schedules had significant

g1l a

effect on KGN cell numberg&igure 26). Similar to KGN, no significant differences in MCiell
viability were observed when cells were exposed to increasing concentrations of the drug, however
after 72h expsure a significant decrease in viability (p=0.012) was detected in cells treated with

H @ p >lydraperoxycyclophosphamid&igure 26).
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Figure 26: Effect of 4hydroperoxycyclophosphaide on cell viability.

MCF7 and KGN cells were exposeddtbydroperoxycyclophosphamide> n®dp %X MZ H Pp >
exposure (24H+), 24h exposure and 24h culture with media (24H+24H exposure and 48h

culture with media (24H+48M or 72h continuous @osure (72H+). Complete RPMI or DMEM/F12
without 4K @ RNB LISNR E& 02 Of 2 LIK2A LK YARS o6n>a0 ¢+ a dzas$s
a crystal violet assay, in which cell number was obtained by comparison with a standard curve.
Means + SD of 3 indepdent experiments shown. Data analysed by @re@ | bh+! gA (K
postK2O (Sadd FLI X nonpT FfF LI X ndnmE FfrfF LI X n
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Exposing MGF O S f-Toéopharal did not affect cell viabilitFigure 27) in any of the exposure
2 NJ Odzf 0 dzNB & OK S R debcSpherofi ddlandt SaRs@ a dighificant incriddse&irt KGN cell
viability.

hy GKS 2 (-Foéoplersl las Rignificantly more cytotoxic to MCEells than to KGN cells
(Figure 28). A dosedependent decrease in ME&Fcell viability was observed after 24h and 72h
O2y (G Aydz2dza SE L2 & dzNB dTo@pzttdl ddnbureSuitzin & eddry dr Indrease dzii
in the numbers of viable MCFcells(Figure 28)

LYONEBI aAy3a O2Tocoghgral tNd notkadisé any sighificant changes in KGN cell viability
compared to the vehicle controF{gure 28). Moreover, the number of viable KGN cells after 24h
SELJ] & dzZNB <{ir@cophemchwas 111,500+21,400 cells/well; similar to the number of viable
OStfta I FGSNI SELR &dzNB -Tcopliefrli11400048L, 65D 2eln@ly. G NI G A 2
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Figure 27: 9 ¥ T S GTidcoghdrol 6n cell viability.

MCF7 and KGN cells were exposed'té 2 O2 LIKSNRf n3X pn 1pI mnann>a 1
exposure and 24h culture with media (24H+24F24h exposure and 48h culture with media
(24H+48H), or 72h continuous exposure (72H+). Culture media containing 0.8% DMSO in was used
as a control. Cell viability was assessed by a crystal violet assay, in which cell number was obtained
by comparison with a standard curve. Means = SD of 3 independeetiragpts shown. Data
analysed by Onégl @ ! bh+! gAGK2 G difiSR0DE fLBBaAX ndnpT Ff |
compared to control.
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Figure 28: 9 ¥ T S &ocophérol on cell viability.

MCFT | YR YDb OS¢t f & 202N SNRIf2 31SR pinZ 1pX mnn>a F2NJ HnK SELR&dz2NE), 6Hnl
24h exposure and 48h culture with media (24H+48bt 72h continuous exposure (72H+). ).8% DMSO in Complete RPMI or DMEM/F12 was used as &
control. Cell viability was assessed by a crystal violet assay, in which cell number was obtained by comparison with a standaedmsitv&D of 3
independent experiments shown. Data analysed by-@0hee@ ! b h +! g A (K2 O di SRIQB FLI2 A F p P TK pidnldn ¥ O
control.
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¢tKS O2YO0AYylGAZ2Yy 2F RRERNHIISNPAEE CoaMIf >2aldK 21ayIK | ¥ A
significant decrease in M&Fand KGN cell viability similar to that observed with doxorubicin alone,

i.e. 54% of the MCF cells wee killed in the first 24h exposure period. The combined regimigh
KAIKSNI O2yOSY (NI GA2ya -REFR NR2LE2NERHERACRAGA 2d KR8 aldK | |
the same effect as doxorubicin alonEigure 29). AdR A y-Hocopherol to the combined drug
regmenKIF R y2 STFFSOG 2y OS - Tocoptelold7oiM) o thebcormbih&tion R R A
significantly decreased M&Fcell viability after 24h exposure compared to doxorubicin alone
(Figure 22 A) or to 4hydroperoxycyclophosphamide alone (data not shown), or to the combination

of doxorubicin and € & RNE LIS NE E & O& Ot Potdgheral Lakgmaniedr heb cytotoxic
activity of the combination of doxorubicin anddroperoxycyclophosphamide in MGFafter 24h

continuous exposureFgure 29 A).
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Figure 29: Cytotoxicityof combined chemotherapeutic reginme

A) MCF7 ard B) KGN cells were exposed combination of chemotherapeutics (25uM Doxorubicin

+ 2.5uM4HPCYR or a combination of chemotherapeutics + 75uMocopherol, or a combination

2T OKSY20KSNI L-Toanhard tor 2Bh (24id+); 24h exposure and 24h culture with
media (24H+244; 24h exposure and 48h culture with media (24H+%8bF 72h continuous
exposure (72H+). Cell viability was asse$sed crystal violet assay, in which cell number was
obtained by comparison with a standard curve. Means + SD of 3 independent experiments shown.
Data analysedby Ong | @ ! bh+! g A KR O da]SSeiam flu2 K noenp T FF
compared to ontrol same concentration of Doxorubicin alone (25uM).

98



¢ KS | RR ATbdoghgrol & Fhe combination of chemotherapeutics did not affect KGN cell
viability compared to the combination of doxorubicin antiydroperoxycyclophosphamid&igure
29 . 0 TTocopherol was more cytotoxic towards MZRhan to KGN cells in the first 24h of

exposure.

After 24h culture in complete DMEM/E2 medium, KGN cells produced 1.2 + 0.1 pg/cell of
estrogen; which was not significtly different to the estrogen produced by KGN cells in the last 24h

of a 72h culture under control conditions (0.8 £ 0.08 pg/céliyre 210). A dose dependent
decrease Iin estrogen per cell production was obedr after 24h exposure to -4
hydroperoxycyclophosphamide; on the other hand, a 24h exposure to doxorubicin had no effect on
estrogen productionKigure 210). However, a continuous 72h exposure to doxorubicin, wifrexsh

reagents in culture media were added to KGN cells every 24h, increased estrogen per cell production
significantly. Cells exposed to 25uM doxorubgiter 72h produced 13.1 + 3gh/cell of estrogen,

which was significantly higher thathe control 0.8 + 0.08 pg/cell)Higure 2100 ® b SA G K S N.
Tocopherol (5M 1 n > a O-Togophedol{Gmnn>auv KIFIR Iy SFF¥FSOG 2y Sa
24h exposure or 24h exposure + 24h culture in medium, or 24h exposure + 48h culture in medium
(Figure 210); 6 dzi SaiGNB3ISYy LINRPRdAzOGAZ2Yy LISNJ OStt -1 Fi4S|
Tocopherol (5 n n > a Joc@8pNSrolGmnn>a 0 @l a aAIYATFTAOIFRguee f 2
2.10C + 6D).
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Figure 210: Effect of chemotherapeutics and tocopherols on estrogen production.

KGN cells were exposed to doxorubicin (0,5,10,25pM),84R NP LISNRP E& Oe Of 2 LIK2 A LK R ORRKRKSNIMEZ nOpIpigdp
Tocopherol (0,50,75,100uM) for 24kpesure (24H+), 24h exposure and 24h culture with fresh DMERMEOMplete medium (24H+24H?24h
exposure and 48h culture with DMEMIE complete medium (24H+48Hor 72h continuous exposure where reagents in medium + 10% FCS were
replenished every 240%ZH+). Estrogen production was assessed in supernatant at the end of each time schedule by a competitive Estradiol EIA, |
which concentration of estrogen (pg/mL) was obtained by comparison with a standard curve, and estrogen/cell concentresilcuitad by dividing

pg/mL of estrogen by the cell numbers. Means + SD of 3 independent experiments shown. Data analyseal lbyeOné b h + ! g A Ghc ¢ dz] S
GSadd FLI X nonpT fFfF LI X nonm> FFfF LI XX ndannnm O2YLI NBR (G2 O2yUNRf 3
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The addil A 2 y-¢ 2 ® 2 hJK S-NaRopherdl k) the combination of chemotherapeutics did not
affect estrogen production after 24h exposure, or 24h exposure + 24h culture in medium, or 24h
exposure + 48h culture in mediurfigure 2110 ® -Tdebpherol appeared to reduce estrogen
production (p=0.176) after a 72h exposure in the presence of doxorubicin and 4
K& RNR LISNRE& Oé Of 2 LIK dccadierolymaRtditied @sto§eNIproductiofrigure

2.11). Estrogen production per KGN cell was higher after continuous exposure for 72h to the

combination of chemotherapeutics.

70 A

W 24h+ 24h+24h- =24h+48h- ®72h+
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Figure 211: Effect of chemotherapeutics and tocopherols on estrogen production

Canbined chemotherapeutic reginre (10uM Doxorubicin /AuMAHPCYR combined regime +

T p X aTodopherol, or combinetkgimen b T p ¥ acopherol for 24h exposure (24H+), 24h
exposure and 24h culture with fresh DMEM/Ecomplete medium (24H+24H24h exposure and

48h culture with DMEM/M2 complete medium (24H+48Hor 72h continuous expare where
reagents in medium + 10% FCS were replenished every 24h (72H+). Estrogen production was
assessed in supernatant at the end of each time schedule by a competitive Estradiol EIA, in which
concentration of estrogen (pg/mL) was obtained by comparisvith a standard curve, and
estrogen/cell concentration was calculated by dividing pg/mL of estrogen by the cell numbers.
Means + SD of 3 independent experiments shown. Data analysed by Oe | bh+! gA (K
postK2 O (Sadod LI Xrpnahp apden nbd K O dyid NBRF G2 O2y
Doxorubicin alone (10uM).
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2.6.5Discussion

The combination of doxorubicin and cyclophosphamide as a regirae been used as a standard
chemotherapy option for breast cancer patients since 19Y6unis, Rayson & Skedgel 2011)
Despite the numeros sideeffects associated with each of the two chermetapeutic agents, there
appear to be no studies that report on the effects of the combined doxorub#in/
hydroperoxycyclophosphamidegimen. In the present study, exposing MZHreast cancer cells
to the combination of doxorubicin and-hydroperoxycyclophosphamideaused a significant
decrease in cell viability; but the numbers of viable cells were similar to those of cells exposed to
doxorubicin as a single agent, suggesting that in ihisvitro modd the addition of 4-
hydroperoxycyclgphosphamidedid not potentiate thein vitro effect of doxorubicin. Exposure to
2.5uM 4hydroperoxycyclophosphamide for continuous 72h significantly decoelsl€ef=7 viability,
suggesting thathe 4-hydroperoxycyclophos@mide had toxic activity, buhat the concentrations

the cells wereexposed towere too low to cause cell death

It was surprising that after 24h, 2.5uMhgdroperoxycyclophosphamide had no effect on MCF
cellsin vitro when 0.02uM 4hydrocyclophosphamiel was found in patient serum-24h after
administration of cyclophosphamidé&n viva There has been an extensive analysis of the
pharmacokinetics of cyclophosphamidge Jonge, Milly E. et al. 2005; Grochow & Cdl@ii9;
Moore 1991) but much less is known about the kinetics of the cyclophosphamide active
metabolites. 4hydroxycyclophosphamide, the hepatic metabolite of cyclophosphamide, is non
toxic but highly unstable and it has a REfé in plasma of only a fe minutes(de Jonge, Milly E. et

al. 2005) 4-hydroxycyclophosphamide undergoes spontans alteration into phosphoramide
mustard; which is a Hunctional DNA alkylating age(Boddy & Yule 2000; Emadi, Jones & Brodsky
2009) however, unspeific oxidation of dhydroxycyclophosphamide can also result in production
of inactive metabolites such as carboxyphosphamide and dewmdtloylcyclophosphamidgde
Jonge, Milly E. et al. 2005yurthermore, circulating phosphoramide mustard may be ionised at
physiological pH and consequently may not enter the cell and therefore not contritaute
cytotoxicity(de Jonge, Milly E. et al. 200%)has also been suggested, that sore#is might develop

in vitro resistance to ydroperoxycyclophosphamidéMcGown & Fox 1986)Therefore, the
clinically réevant dose of cyclophosphamide necessary to treat breast cancer patients and
consequent serum concentrations ofhgdroxycyclophosphamide might differ from thie vitro

effective concentration.
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The gonadotoxic effect of doxorubicin has been extensivelieveed (Meirow et al. 2010; Morgan

et d. 2012) and it has been suggested that treatment with doxorubicin increases the risk of
developing amenorrhea in 280% of womer{Oktay & Sonmezer 20Q8imilarly, alkylating agents
such as cyclophosphamide have shown to be highlytoxic (Morgan et al. 2012and to cause
ovarian failure in approximately 42% of wom@heirow et al. 1999)Similar to the results observed

for MCF7 breast cancer cells, KGN cell viability was significantly reduced in adejpsedent
manner after exposure to doxorubicin as a single agémif not after exposure to 4
hydroperoxycyclophosphamide as a single agent. It was therefore unexpected that the longer 72h
exposure to the combination of doxorubicin andhydroperoxycyclophosphamide as more
cytotoxic to KGN cells than exposure to doxacubalone. In early animal studies, the combination
of doxorubicin and cyclophosphamide showed a synergistic gffamtbett et al. 1975; Tobias et al.
1975) It might be possible; therefore, that the continuousddition of 4-
hydroperoxycyclophosphamidgotentiates the effect of doxorubicin on KGN cells even at small
doses. It is also likely that KGN cells are more sensitive to the effect -of 4
hydroperoxycyclophosphamide when-administered with doxorubicin; hower, any mechanism

of interaction between these two drugs requires evaluation.

lf 6K2dZAK GKSNB | NB 02y T ATodophéral in bstielRihtdor bkeBsH | NR .
cancer (BrigeliusFlohe et al. 2003) Ada LRGSyd FTyYGA2EARFY G- 1 OGA
Tocopherol could play a role in reducing repecific RO#iduced cytotoxicity. In the present study,

S E LJ2 & dzNdSophiem| (50.00puM) did not affect MG or KGN cell viability. Furthermore gth

I RRA (i ATdgbphérd to the combination of doxorubicin andwdroperoxycyclophosphamide

did not reduce chemotherapeutimduced cytotoxicity compared to the combined regimadone,
suggesting that the levels of chemotherapetitiduced ROS exceed#ue antioxidant capacity of

h-Tocopherol.

I LI NI FNRY AG& -Foyopherdl Bas Bhbwh iytotoxiciefied k tréast cancer cells by
enhancing the transactivation of PPAR | YR LJ123daAofé& AyKAoAUAYy3d OSft
apoptosis(Lee et al. 2009) In air study, a doselependent decrease in cell viability was observed
inMCFT  OSf t & Sacopheiobuiile idsignificant effect in viability was observed in KGN
OStta SELRZaSR {(docaped. al YS R2a85a 2F

1-Tocopherol has also shown anticancestiaty in numerous cancer models, including colon

(Campbell et al. 2006prostate(Jiang, Wong & Ames 2004nd lung canceLi et al. 2011)To our
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knowledge, thisistS FANB GO & GdzR& K I -ocdpl@iolfonzn Ovaran carsirdmeS T F S
OStt fAYS® hdzNJ NBadz Ga AYyRAOIGS 1 KociphevroDénd OS £ €

i K I-Tiocopherol does not interfere with KGN cell cycle and prolifenati

¢ KS I RR A-Toéoghgrol & fthe ‘combined chemotherapeutic regimepotentiated the
cytotoxic effect of doxorubicin in MEFcells after 24h exposure, but did not add any significant
effect when KGN cellwere exposed to the same regimevalidating2 dzNJ K& L2 G KS & A a
Tocopherol could possibly augment the cytotoxic anticancer activity on'Mgefts in the combined

regimen.

A single dose of chemotherapy is not enough to kill all cancer cells; chemotherapy schedules for
breast cancerequire the infusion of multiple cycles every few weeks, which increases adverse
effects on ovary and the likelihood of premature ovarian faillinevivoanti-cancer efficacy is also
confounded by selection for chemotherapeutiesistant cells, which can give riserezurrence of

the cancer. The exposure and culture schedule used in this study was an attempt to moatel the
vivo selection of resistant cells. Our results showed that only 54% ofM&te 35% of KGN cells
were killed in the first 24h of exposure, sugtieg that the initial infusion of AC given to womian
vivomay be similar. In oun vitro model, surviving cells did not proliferate, and if this reflects the

in vivo situation, would explain why subsequent cycles of AC chemotherapy are effective in
eradicating the cancer. Tha vitrodata demonstrated that a longer, continuous 72h exposure killed
98% of the MC¥ cells. It may not be possible to increase the duration of infusions for patients, but
an alternative suggested by this vitrodata is thatli K S | R R-Xdtdpleesdl a® ah adjuvant to

the AC regime might increase the efficacy of each cycle and kill more breast cancer cells than AC
alone. Since the vitroR I i I A K2 ¢ SR (i KTodophérdl &as iagfeRcytdtakic té MGF

than to KGN ells, it suggests that fewer more effective cycles might improve breast cancer
treatment whilst simultaneously reducing adverse effects to the ovary and therefore reducing

primordial follicle depletion and premature ovarian failure.

KGN cells are capablé producing estroger(lshiwata et al. 1984b; Ryan & Petro 1968jhen
incubated with androstenedione (substrate for estrogen) for 72h, significant amounts of estrogen
were produced and secreted tm the culture medum indicating that the mechanism of
steroidogenesis in KGN is similar to that in hur@®gNishi et al. 2001b)Our results showed that
after 24h culture in complete DMEM/E2 medium the amount of estrogen produced by KGN cell

was 1.2 + 0.1 pg/cell, after prolonged 48h or 72h incubation periods, with culture medium
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replenished every 24h, estreg production per cell did not increase. Exposure 4o
hydroperoxycyclophosphamid€.52.5uM) for 72h significantly reduced estrogen production,
despite not causing significant KGN cell death. On the other hand, exposure to doxorubicin for 72h
caused a gnificant increase in estrogen production per KGN cell. Doxorubicin was the only reagent
that was cytotoxic to KGN cells, and the only reagent that elevated estrogen/cell production. In our
in vitro model, KGN cells were replenished not only with the chéra@peutic agents and/or
tocopherols every 24h for 72h but also with foetal calf serum (FCS), which is rich in fatty acids and
cholesterol, the substrate for steroidogenefidiller & Bose 2011 )atty acids, like arachidonic acid
(AA), also play an essential role in StARgincexpressior{Wang et al. 2000)AA inhibition in MA

10 mouse éydig tumor cells inhibited L-Hibutyryl cyclic AMBinduced progesterone production

and StAR protein expression; but addition of AA into the cell culture reversed these effects and
increased progesterone synthesis and StAR prgiang et al. 2003)t is possible therefore, that

the KGN cells that survivedter exposure to doxorubicin could have maintadnmetabolic activity

and increase the production of estrogen.

In COV434GCsa cyclophosphamiddependent increase in ROS induced apoptosis and co
treatment with the antioxidants glutathione ethyl ester (GEE), dithiolethreitol (DTT) and ascorbic
acid preveited cyclophosphamidénduced apoptosigTsaiTurton, Miyun etal. 2007) It has been
proposed that the antioxidant properties of dietary forms of vitamin E may reduce cancer risk
(Smolarek, A & Suh, N 20@1)¢h2 O 2 LIK S NBcbphdrof gfhay an important role in protecting
cells from oxidative stress by removing R@8wolarek, A & Suh, N 2011y the present study,

SE L) & dz8B O 8 rIK 5 TaBopheral Mg single agents had no effestestrogen production
LISNJ YDb OSf T -¥v2 QB RIKSNEopher® RJihg Bombination of doxorubicin
and 4hydroxyperoxycyclophosphamide did not enlsanestrogen production compared to the
combined regima  f 2y S® LG A& fA1Sfteé& {fAdciphedkuirdd2o, OS Y |
neutralise intracellular ROS in KGN cells is higher than the ones tested in this study; themefere
experiments are neded in orderto examine the potential of tocopherols to prote@Csfrom

chemotherapeutieinduced ROS and preserve production of estrogen and other ovarian hormones.

2.6.6 Concluding Remarks
Doxorubicin is equality cytotoxic to breast cancer and ovariart@acells (MGF and KGN) but
40HCYC was not cytotoxic ewarian cancer cells (KGN). When usedambination, additive
NERdzOGA2Yy Ay OStt @Al 6Af Nac@phedl t@ thi2combBNINIAC) | Y R
potentiated the cytotoxic effect®n breast cancer cells but did not show any effectasarian
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carcinoma KGN cell viability. Thiswas 80LJ2 NIl SR 0 & { K-Bocoph@rbl W& Eyintxicl K I {
to breast cancer cells in a dose dependent mannerdidtnot affect the KGN cell viability. This
suggest that addition of gamma tocopherol to doxorubicin and cyclophosphamide may reduce the

number ofchemotherapy cycles to treat breast cancers.
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3. CHAPTER THREEVELOPMENT ®IETHODS TO BASURBE-FECTS
OFCHEMOTHERAPEUSIONFOLLICLE

3.1 Introduction

Follicles are isolated from ovarian tissue for many reagdests et al. 2008; Campos et al. 2011;
Chen et al. 2014; Cortvrindt, R, Smitz, J & Van Steirteghem, A 1996; Gook et al. 2003; Gook et al.
2013; Green & Shikanov 2016; Hornick et al. 2012; Hornick et al. 2013; Lenie et al. 2004; Li et al.
2016; Lieman et al. 2015; Lunardi et al. 2012; McLaughlin, Marie et al. 2014; Merdassi et al. 2011;
Nandi et al. 2009; Park et al. 2013; Paulini et al. 2016; Picton, H et al. 2008; Rosendahl et al. 2011,
Telfer, Torrance & Gosden 1990; Telfer, Evelyn E & Zelwiaky, B 2013; Vanacker et al. 2011)
includingin vitro maturation (IVM) to produce mature fertilizable oocytésppig & O'Brien 1996;

Eppig & Schroeder 1989; Gook et al. 2003; Green & Shikanov 2016; Jin et avadd @t al. 2011)
Isolated follicles are cultureth vitro in a number of different systems including 3D matrices
(Cortvrindt, R, Smitz, J & Van Steirteghem, A 1996; Desai et al. 2010; Eppig & O'Brien 1986; Eppig
Schroeder 1989; Kreeger et al. 2006; Kreeger et al. 2005; Kreeger, Woodruff & Shea 2003; Oktem &
Oktay 2007a; Parrish et al. 2011; Shikanov et al. 2011; Xu et al. 2011; Xu et al. TH@3e)
methodologies often assess follicle grovittvitro, usuallypy measuring diameter, and occasionally

by assessing the number and viability®EgGC) within the follicléAnderson et al. 2013; Eppig &
O'Brien 1996; Eppig & Schroeder 1989; Gook et al. 2013; Gook et alLR@dy;et al. 1999; Oktem

& Oktay 2007a; Parrish et al. 2011; Shikanov et al. 2011; Xu et al. P@@ver, there are few
reports describing reliable and accurate methods for assessing the number of viable GC within an
intact isolated follicl§Bagger et al. 1993; Griffin, Jeanine et al. 2006; Lundy et al. 1999; van Wezel,
Ingrid L & Rodgers, Raymond J 19861 the use of fluorescent markers of cell viability such as Live
Dead stain or CMXRdAerts et al. 2008; Campos et al. 2011; Li et al. 2016; Lunardi et al. 2012,
Merdassi et al. 2011; Sanfilippo et al. 2011; Young et al. 201a)curately quantify GC numbers
requires careful optimization. Since the plan of thisojpct is to measure the effects of
chemotherapeutics on whole follicles, and it is hypothesized that the chemotherapeutics will kill
GCYqGCs), it is necessary to develop robust and reliable methods for quantifying @@bkhathin

whole follicles. Hencd,had to perform the next two studies.
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3.2 OvarianFollicle Disaggregation toAssessGranulosaCell Viability

Follicles are the functional unit of ovary and are comprised of an oocyte surroundé€byhe
numbers of GC increase as the follicles gama mature(Gook et al. 2001; Gougeon 1986; Lintern
Moore & Moore 1979; Pedersen & Peters 19d8ked haematoxylin and eosstained sections of
murine ovaries were used to calculate the numbers of GC in prirB&g)( early to miesecondary
(60¢ 185), late secondary to incipient antral (18392) and antral (>395) follicl¢&riffin, Jeanine

et al. 2006) The basal laminae of murine follicles are composed of lamigihsm> i 0 | YR
collagens, particularly type IV, nidogen and perle@ook et al. 2003; Rodgers et al. 1998; Rodgers,
IrvingRodgers & Russell 2003; Van Wezel, Rodgers & Rodgers [h9&&]ition to these, thexdra
cellular matrix (ECM) within the follicle also contains hyaluronic @eatigers, IrvindRodgers &
Russell 2003)T'he molecular structure of a fale suggests that a single cell suspension of GC might
be obtained by digesting follicular basal lamina with collagenase IV, and thdatlicalar ECM with

hyaluronidase.

The Trypan Blue (TB) Exclusion assay is based on the principle that viablbagell intact
membranes that prevent the uptake of the dye, whereas ruptured and-fuoctional cell
membranes are permeable to the dye and hence w@ble cells stain bluAvelarFreitas et al.

2014; Lunardi etla2012; Mascotti, McCullough & Burger 2000; Merdassi et al. 2011; Piccinini et al.
2017; Strober 2001 After staining with Trypan Blue, cells are assessed using an objective lens light
microscope and a haemocytometéBtoddart 2011h) The Trypan Blue Exclusion assay is an
established and reliable direct estimation technique for the differentiation and enumeration of live
and dead cells and was reped to be more reliable than Livi@ead stain for estimating the viability

of fresh and thawed follicle&Sanfilippo et al. 2011)

Piccinini et al. (2017pund no difference in viabty when cells retrieved from twodimensional

(2D) or threedimensional (3D) culture systems were assessed by TB. Cell viability and density
measures varied by 5% and 20% respectively, with percent error in estimating cell numbers higher
for 3D systemg21%) than for 2D systems (17%)ccinini et al. 2017)Other studies reported
coefficients of variation (CoV) for estimating cell numbers using TB from (E#ifore2018)to
6.9%(Allison & Ridolpho 1980)t has been noted that the viability of cetlecreases as the time

after adding the dye increases, and also after cells have been harvested using {Adpsian,
Randers & Rao 1993; Tennant 1964; Tsaousis et al..20t8)TB assay does not differentiate

between metabolically active and neactive cell{Black & Berenbaum 1964)
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In general practice, an accurate and precise TB estimation requires 0téxmaL® cells per mL of
cell suspension. Heagcsuspensions with densities lower than 1%&élls per mL cannot be assessed
accurately using existing TB assay protofoisiza 2012; Louis & Siegel 20IMhe number oGCs

in a single follicle; approximately 400 in an incipient antral foll{@effin, Jeanine et al. 2006;
LinternMoore & Moore 1979; Pedersen & Peters 19&8joo low for accurate assessment using
TB.

The aim of this study was to develop a technically simple and inexpensive method to disaggregate
follicles and poduce a single granulosa cell suspension which can be assessed in a modified Trypan
Blue Exclusion assay. To do this, a preliminary study using human KGN, T47D and 184B5 cell lines
was conducted to determine centrifugation conditions applicable to low aefisities, and to
determine the limit of sensitivity of a standard TB Exclusion assay. Thereafter, the optimal
centrifugation conditions were applied to the human granulosa KGN cell line to assess the
reproducibility of the TB assay protocol. The resgltioww celdensity TB Exclusion assay was then
used to optimize follicle disaggregation methods before being applied to the characteriza@ssof
obtained from disaggregated murine follicles. The TB evaluation was compared to-figlisled

GC that wee cultured in a 9avell plate format before assessing their viability by using a crystal
violet assayReid et al. 2015)

3.2.1 Materials and Methods

All the reagents used in this study were purchased from Sigma unless otherwise stated.

3.2.1.1 Cellines andQulture Media

184B5 (ATCC® GRIL hhu 747D BFRCCOHWB onu v OSff fAySa gAGK LI &
14 respectively were used for this experiment. The cells were cultured in RPMI wittod@dcalf

serum (FCS, DKSH, Melbourne, Aaisl) 1% penicillin (10,000 units/mL) and streptomycin (10
mg/mL) at37°Cwith 5% CQ and sukcultured when 80% confluenThe KGN granulosa cell line
derived from a human granulosa cell carcinofighiwata et al. 1984a; Nishi et al. 2001egs
maintained inDulbecco's Mdified Eagle's Medium (DMEM)/F12 supplemented with ih%ailin
(5ug/mL), transferrin (5ug/mL) and selenium (5ng/mL, ITS) and 10% FCS and 1% §&djo0in
units/mL)and streptomycin(10 mg/mL)andsub-cultured every 23 days as required using trypsin

ethylene diamine tetraacetic acid (EDTA) to detach cells.
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3.2.1.2 Effect of Centrifugation on Cell Retrieval

A preliminary study used the KGN granulosa cell line to identify the optimal centrifugation
conditions for maximizing the retrieval of viable ceAslowdensity cell suspension containing 600

cells in 500 pL of media was distributed to 12 centrifuge tubes (1.5mL) which were centrifuged at
room temperature for 4, 5 or 6 minutes at 1306g, 2040g, 29389, or 4000g. Supernatants were
removed,and the cdk were resuspended in 10 puL of media and 10 pL Trypan Blue. The numbers
of viable and dead cells were determined in a Trypan Blue Exclusion assay. This experiment was

repeated on four separate occasions (n=4).

3.2.1.3 Trypan Blue Exclusion Assay Protocol

Cell suspensions were diluted 1:1 with Trypan Blue (2mgVrypan Blue in phosphate buffered
saline; PBS) and 10 pyL added to each side of a haemocytometer, i.e. onto each of two grids. Cells
were viewed using an objective lens microscope at 10x magndficafLeica, Leitz Wetzlar,
Germany). The numbers of unstained viable and {slizéned dead cells in all 9 large squares of the
haemocytometer [tigure 3.1) were counted, and the average number of cells per largeass
determined. These were adjusted by the dilution factor and converted to reflect the number of cells

in 10 pL cell suspension using the equations shown in Figu{&t®ddart 2011a; Strober 2001)

@ Total number of Live cells = (Total number of live cells in 9 large
@ squares + 9) X dilution factor X 10* X volume of cell suspension

l Haemocytometer )
Total number of Dead cells = (Total number of dead cellsin 9 large

squares + 9) X dilution factor X 10* X volume of cell suspension

Large Squares

P P ey D

One chamber of \/ ‘7 N
a Haemocytometer ( )
y

N A 2 N /

. — —

'__{ ]
N V.
\.____‘,/
Single Large Square

Figure 3.1: Haemocytometer chamber
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3.2.1.4 Accuracy of the Trypan Bluesay
The ability of the Trypan Blue assay to accurately quantify viable cells was examined using 184B5

and T47D cell lines. The number of viable cells in each parent cell suspension was determined in the
Trypan Blue Exclusion assay, and the volumes ohpae#l suspension that contained 1250 (184B5),

930 (T47D) or 953 (T47D) viable cells were added to centrifuge tubes and the volume made up to
100 pL with media. Four 1 in 2 dilutions were performed, and three separate dilution series were
made from each a@rent cell suspension. Cells were centrifuged at 2040g for 5 minutes and the
supernatant removed before rsuspending the cells in 10 pL of media and 10 pL of Trypan Blue.

The numbers of cells retrieved were determined in the Trypan Blue Exclusion assay.

3.2.1.5 Coefficient of Variation (CoV) of the Trypan Blue Assay
Three single cell suspensions of K&Bkontaining 2500, 1250 and 156 cells per mL of media were

produced on four separate occasions (n=4). 500 pL of each cell suspension were added to 10
sepaate centrifuge tubes, so that they contained 1250, 625 or 78 KGN cells per tube. These were
centrifuged at 20409 for 5 minutes at room temperature and the supernatants removed before re
suspending the cells in 10 pL of media and 10 pL of Trypan Blueufrteers of viable and dead

cells were determined in a Trypan Blue Exclusion assay. Coefficients of variation (CoV) were
calculated by dividing the standard deviation (SD) by the mean of viable cell numbers for each of
the cell densities within each of thexperimental replicates (intrassay CoV) and between the
experiments (interassay CoV, n=4) and presented as a percentage; CoV (%) = (SD/mean) x 100

(Hanneman et al. 2011)

3.2.1.6 Mouse Ovary Collection
Female mice that were surplus to the College of Medicine and Public Health Animal Facility breeding

colony needs were allocated to routine culling progesk. The Flinders Animal Welfare Committee
approved our use of cull animals on condition that no requests were made for specific strains or
ages. Swiss mice (n=13) agad&®weeks as calculated by their weight {20 grams) were used in

these studies. Micevere killed by cervical dislocation and the ovaries were isolated by dissection.
The ovaries and attached oviducts were placed in warm Hanks Balanced Salt Solution (HBSS) and
transported to the laboratory aB7°C Whole ovaries were dissected free ofaahed tissues,

blotted dry, cut in half and weighed.
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3.2.1.7 Follicle Isolation from Ovarian Tissue

Follicles were isolated from ovarian tissue by disaggregation with 0.5 mL of 2mg/mL collagenase IV
(Worthington, 295units/mg) in DMEM/F12 for 30 minut87°CGn a humidified 5% CGncubator.

After incubation 100 pL FCS were addKeé et al. 2011; Van Luyn et al. 2088) each half ovary

was mechanically disaggregated with 22 gauge needles for 5 minutes. All released follicles were

collected andtansferred to a 9éwell plate containing DMEM/F12.

3.2.1.8 Allocation of Follicles into Size Cohorts

The diameters of follicles collected after ovarian tissue disaggregation were determined by using a
camera (Scientific -®lount Camera, 9MPX) mounted on dissection microscope to take a
microphotograph of the well containing all the follicles from one half ovary. The well diameter was
provided by the manufacturer and used to calibrate the Image J software. The area in pixels of each
follicle in the well wasletermined by applying the circle tool to each follicle twice and calculating
the average area. The area was used to calculate follicular diameter. The diameters of the follicles
were used to allocate follicles to primordial, primary, early to 1segonday, late secondary to
incipient antral, or antral stage cohorts, according to the size ranges descriliedftiy, Jeanine et

al. (2006)

3.2.1.9 Follicle Disaggregation using Hyaluronidase

Follcles were disaggregated using 50uL hyaluronidase (1228 units/mg) at two concentrations
(0.01% and 0.025%). A group of three secondary follicles from one mouse were exposed to 0.01%
and another group of 3 secondary follicles from the same mouse were expos€d025%
hyaluronidase, for 2 hours at room temperature. 50 pL of FCS were added aB€Hselated from

each group of 3 follicles were centrifuged at 20409 for 5 minutes. The supernatants were discarded,
and cells resuspended in 20 uL DMEM/F12 with% FBS, and 20 pL Trypan Blue. This experiment

was repeated using secondary follicles from two more mice (n=3, a total of 18 secondary follicles).

3.2.1.10 Follicle Disaggregation Using Combinations of Collagenase IV and Hyaluronidase

Three antral follicle from each half ovary from four mice (n=4) were isolated (i.e. 48 follicles with
mean diameter of 303+65 pm from 8 ovaries). Four groups of three antral follicles from each mouse
were exposed to collagenase IV (2mg/mL) in a6 plate for 15, 30 or 4kinutes before adding
0.025% hyaluronidase. No hyaluronidase was added to the 4th group of follicles which were
incubated in collagenase IV for 60 minutes. Follicles in all the treatment groups were incubated at

37°Cwith one minute shaking every 15 mingteAfter 60 minutes incubation, 50 pL of FCS were
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added and all the contents of each well were transferred to 1.5 mL centrifuge tubes. Each well was
washed with 1X PBS and this was used to make the final volume in the centrifuge tubes up to 500
pL. TheGCswere centrifuged at 20409 for 5 minutes. The supernatants were discarded, and the

isolated cells were rsuspended in 10 uL of DMEM with 10% FCS. The numbers of viable cells were

then determined in a Trypan Blue Exclusion assay as described previously.

3.2.1.11 Crystal Violet (CV) Assay Assessment of GC Viability

GCawvere obtained from 25265 disaggregated follicles from two mice on each of three separate
occasions (n=3). Aliquots from each of the three single GC suspensions were assessed in a Trypan
Blue Exclusion assay to determine the numbers of viable cells. These priteared murine GC

were added to sterile 96vell flat bottom plates in a final volume of GriL per well of DMEM/F12

at densities of 0 to 2000 cells per well, with each cell densitytriplicate wells. The primary

derived murine GC were incubated3t°CQwith 5% C@for 24h to allow cell adherenddaaskelainen

et al. 2009) The noradherent, nonviable cells were removed by twdrawing supernatant from

the wells. The supernatant was storefd(°C) for the later measurement of artullerian hormone

(AMH) and estradiol by Enzydieked Immunoassay (EIA). The adherent viable cells in the wells
were rinsed with sterile phosphate dzF F SNBER &l f AyS ot . {0 06STF2NB ||
AY prE: YSOKFy2t F2N) mn YAydziSaz F2ft2gSR o¢é
measurement of the absorbance at 570 nm with correction at 630(Revoktistova, Geserick &

Leverkus 2016; Reid et al. 2015)

3.2.1.12 Estradiol Enzyme Immunoassay (EIA)

The conditioned media were examined in a competitive Estradiol (E2) EIA (Cayman Chemical ELISA,
Ann Arbor, MI, USA) that uses a mouse-aalibit IgS, and an acetylcholinesterase estradiol tracer.

The manufacturer reports a detection range from 6.6 to 4000 pg/mL, and anassiay coefficient

of variation (CoV) of 7.8 to 18.8%. For this study, the estradiol standard was diluted in the
DMEM/F12 cell witure medium to give concentrations that ranged from 6.6 to 4000 pg/mL. All
supernatants from three separate primadgrived GC culture experiments were examined in one

EIA, in which the standard curvé\Rilue was 0.98.

3.2.1.13 AntiMullerian Hormone (MH) Enzyme Immunoassay (EIA)
Conditioned media were examined in a tvomunological step sandwich type EIA (Immunotech,
Marseille Cedex, France) that uses an-aMH monoclonal antibody for capturing AMH, and a

biotinylated monoclonal antibody together thi streptavidinperoxidase for detecting bound AMH

114



in the wells. The manufacturer reports a detection limit of 1pg/mL, an iatsay CoV of 12%, and

an interassay CoV of 14.2%. For this study, the AMH standards were diluted in DMEM/F12 cell
culture mediun to give concentrations that ranged from 0 to 150 pM. All supernatants from three
separate primaryderived GC culture experiments were examined in one EIA, in which the standard

curve Rvalue was 0.99.

3.2.1.14 Statistical Analysis
The effect of centrifgation on viable cell retrieval was analysed by&@/ ANOVA with Bonferroni
posttest. The expected numbers of T47D, 184B5 and KGN cells were compared to the numbers

counted in the Trypan Blue Exclusion assay in a Chi Square analysis.

The numbers of GC adohed by follicle disaggregation using 0.01% or 0.05% hyaluronidase were
compared in a Students Pairedédst. The numbers of GC obtained after follicle disaggregation using
a combination of Collagenase IV and Hyaluronidase were compared to disaggregation.05%
hyaluronidase alone by applying a tm@y ANOVA with Bonferroni pegst. Statistical significance

was assigned at p<0.05.

3.2.2 Results

3.2.2.1 Effect of Centrifugation on Viable Cell Retrieval

The centrifugal force significantly affectedlaetrieval (p=0.0012 overall effect in axay ANOVA)

but the duration of centrifugation had no effect (p=0.11). Centrifugation at 2040g for five minutes
retrieved the highest number of viable cells (583+14, p>0.05) and the highest total number of cells

608+14 (p>0.05Figure 32). Under these conditions, 96% of the cells were viable.
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Figure 3.2: Effect of centrifugation on viable cell retrieval.

KGN cells (600 cells in 500 plmefdia) were centrifuged (13069, 2040g, 2938g and 40680¢), 5

or 6 minutes on four separate occasions (n=4). Supernatantsresei@/ed,and cells resuspended

in 10 pL culture media and 10 uL of Trypan Blue before counting dead and viable cells using a
haemocytometer and 10x objective lens microscope. MeanzSD of cells in each cell suspension shown.
Data were analysed by&ay ANOVA with Bonferroni pest, significance was assigned at p<0.05.
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3.2.2.2 Accuracy of the Trypan Blue Assay
There was no smgficant difference between the numbers of cells calculated to be in a dilution

series, and the number of cells counted directly in a Trypan Blue dsgayd 33).

1400 -
z 1289
® 1200 -
s E 184B5 @ T47D
§ z 1000
S8
%5 800
o
% E 600
2 & 400
2 200
£
=
< 0
116 156 233 313 465 625 930 1250
Expected number of cells A
>
=]
E 1400 - 1237
£ 1200 | SKGN S
5 = .
w » 1000 -
T g \
= Q 800 N
g2 626 \
= 600 - -
2 & 400 315 \ \
(=]
— 181 N
2 200 - 81 S \\ \ \
\\
s 0 S . \ \ \
78 156 313 625 1250
Expected number of cells
B

Figure 3.3: Accuacy of the Trypan Blue Assay.

Three parent cell suspensions of the human cancer cell lines; T47D, 184B5, (A) and KGN (B) were
assessed using a standard Trypan Blue Exclusion assay. The volumes of cell suspension that
contained 1250 viable 184B5 and K@&MNsc or 930 viable T47D cells were made up to 100 pL then
subjected to four 1:2 dilutions. The numbers of cells calculated to be in each preparation were
RS&A&AIYI GSR WOELISOUSRQd ¢KS OStt a gsGspddedisdol NA T
pLof media and 10 pL of Trypan Blue was added. Each stained cell preparation was assessed twice
using a haemocytometer and 10x objective lens microscope, and the numbers of viable cells in the
original 100 pL cell suspension determined. The experiment eg@eated on three separate

occasions (n=3) and the mean + SD shown. Datanalgsedwith Chi Square test.
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3.2.2.3 Coefficients of Variation of the Trypan Blue Exclusion Assay
The intraassay ceefficient of variation decreased from 22.3% to 5.4% as thebwr of cells in the

cell suspension increased, and so did the ikassay CoVlable 31).

Table 3.1: Intra and inter assay Coefficients of Variation (CoV).

1250, 625 or 78 KGN cefler 500 pL of media, with each cell density examined in 10 separate
centrifuge tubes, were centrifuged at 2040g for 5 minutes. Supernatants were removed before re
suspending the cells in 10 pL of media and 10 pL of Trypan Blue. The experiment was ogpeated
four separate occasions (n=4). The numbers of viable and dead cells were determined in a Trypan
Blue Exclusion assay. CoV (%) = (SD/mean) x 100.

% CoV 78 cells 625 cells 1250 cells
Intra-assay 22.27 7.57 5.38
Inter-assay 6.97 4.14 1.57

3.2.2.4 Folkle Disaggregation using Hyaluronidase

There was no significant difference in the number or viability of GC obtained from secondary follicles
disaggregated with 0.01% or 0.025% hyaluronid&sgufe 34). The nurbers of viable GC collected
after disaggregation with 0.025% hyaluronidase however, were closer to those enumerated

previously in H&E stained sections of mouse ovdf&#fin, J. et al. 2006)
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Figure 34: Follicle Dsaggregation using Hyaluronidase.

Groups of three secondary follicles were disaggregated with 0.01% or 0.025% hyaluronidase in
DMEM/F12 for 2h. The isolated cells were centrifuged at 20409 for 5 minutes teaspended in

20 uL DMEM with 10% FBS befaeble cell numbers were counted by Trypan Blue Exclusion assay.
The experiment was repeated with 3 follicles for each hyaluronidase concentration from one mouse
on three separate occasions (n=3) and mean = SD total cells and % viable cells per skticidary
shown. Data were analysed using a Studentsst.

3.2.2.5 Follicle Disaggregation Using Combinations of Hyaluronidase and Collagenase IV

Antral follicles that were incubated with 2 mg/mL collagenase IV for 30 minutes then with 0.025%
hyaluronidae for 30 minutes yielded the highest total numbeiGEper follicle (656187, p<0.05)

and the highest number of viab8Cg542+95, p<0.055igure 35). The percent viability dbCsvas
82+5% under these conditns, higher than when follicles were disaggregated with hyaluronidase
alone Figure 34). Follicular disaggregation using only collagenase (without hyaluronidase) resulted

in isolation of the lowest number of G841+69), and 76% of these were viable.
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Figure 35: Collagenase IV and Hyaluronidase Disaggregation of Murine Follicles.

Four groups of three antral follicles (348+26 um) were incubated in collagenase IV (2 mg/mL) for 15,
30, 45 and 60 minutes (shown oraxis) before the addition of Hyaluronidase (0.025%) to thé5L5
minutes groups. The isolate@Cswvere assessed in a Trypan Blue Exclusion Assay. The experiment
was repeated using follicles from four mice (n=4). Data aedlpg tweway ANOVA with Bonferroni
posttest. Mean + SIGCger follicle shown. p<0.05 * compared to same cell category.

3.2.2.6 Primaryderived Granulosa Cell Viability and Hormone Productionivitro

Primaryderived GC obtained from disaggregated motiskicles generated a linear correlation
(R=0.98) Figure 36 A) between cell density per well and crystal violet absorbance (570nm) after
24h in vitro. Primanderived GCgid not produce any detectable AMH evat 20,000 viable GCs
per well, but there was a densiygependent increase in basal estrogen (E2) productiérqR2)
(Figure 36 B).
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Figure 3.6: Estrogen produced by primasgerived GCs

PrimaryderivedGCssolated from disaggregated murine follicles were cultured for 24 hol8%°4t

with 5% C@at densities of 0 to 20,000 cells per well in ax@dl flat bottom plate on three separate
occasions (n=3). After 24h, the numbersiable cells in each well were determined in a crystal violet
assay. MeanzSD (n=3) OD570nm (with correction at 630nm) was plotted against cell densities and
fitted to a linear trendline (A). Conditioned media after 24h culture were examined in a congpetiti
estradiol immunoassay and E2 plotted against cell density (B).
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3.2.3 Discussion

Here we report a technically simple, highly reliable and inexpensive method for enumerating the
number of viable and dead GC in an isolated ovarian follicle. To our kaigeylenis is the first report
of a straightforward process for disaggregating isolated follicles to produce a suspension of primary
derived GC from naturally cycling unstimulated adult mice jithatro culture of these GCs in a-96

well plate format, andheir production of E2 and AMH.

The standard Trypan Blue protocol requires more than 1x105 cells per mL in the parent cell
suspension, or a minimum of 100 cells counted on each(badza 2012; Louis & Siegel 20Tis
limitation directed the development of our protocol.taf allowing for dilution of a cell suspension

with Trypan Blue dye, a minimum volume of 20uL of cell suspension containing a minimum of 200
cells was required to allow the duplicate assessment of a GC preparation. Primarydecuoitiary
follicles only ontain 9¢ 185 GQGriffin, Jeanine et al. 200@herefore follicles were disaggregated

in groups of three, to generate sufficient GC for an accurate assessment. The accuracy of this
protocol is expected to deease when applied to small primary follicles, which might only contain

9 GC, and we therefore recommend that the follicle disaggregation group size should be increased

accordingly.

Previous reports describing the enumeration@Esn fixed ovarian sectius (Griffin, Jeanine et al.
2006; LinterAMoore & Moore 1979; Pedersen & Peters 196@ye comparable to the numbers of

GC counted in this study after follicle disaggregation u8iqninute exposure to collagenasy/
followed by30-minute exposure to hyaluronidase. Under these conditions 82% of the GCs were
viable. The loss of 18% viability may be attributed to the enzymes used to disaggregate the follicle
(Orimoto et al. 2008)or to the disruption of the tight junctions between @EQesai et al. 2010pr

to mechanical sheer force during centrifugation. However, others have reported that approximately
80% ofGCgn intact follicles were viable when assessed by whole follicleleéaa stainindAerts

et al. 2008; Campos et al. 2011; Kreeger et al. 2006; Lunardi et al. 2012; Merdassi et alvRiahl)
suggests that our follicle collection and disaggregation procedure had no adverses effetie

viability of the GC.

The Trypan Blue Exclusion assay is notorious for low accuracy, poor reproducibility and high
variation between counts of the same preparation of cells, thought to be caused bgpemific
binding of the TB dye to cellulartefacts (Piccinini et al. 2017)Our optimized TB assay has

coefficients of variation similar to, or lower than those reported previo@ahison & Ridolpho 1980;
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Eillipore 2018; Piccinini et al. 201Th the present study, when preparations containing &5s

were counted orfour separate occasions, the intessay CoV of 7.6%, and the inéasay CoV was

4%. Since the GC were isolated from groups of three follicles, this meant that when there was an
average of 209 GCs per follicle (equivalent to a late secondary stagke {@littfin, Jeanine et al.
2006) the CoVs for the TB assay were of the same order of magnitude as those reported by the
manufacturers of commercially available EIA kits, and the CoVs for cell numbers coriagpond
groups of three small primary follicles were within the ranges previously found acceptable for other
celkbased assaySendak et al. 2002fFrom this we conclude that we developed an assay protocol

with relatively high precision and accuracy.

Although there are numerougports of primaryderived humarGCsdeing culturedn vitro (Chang

et al. 2015; Paksy et al. 1997; Sacchi et al. 2017; Tuck et al. 2015; Young, F, Micklem, J & Humpage,
A 2008; Young, F et al. 2012; Young, Menadl@&&anos 20059nd many instances in which GC
obtained from the follicles of larger mammals have been cult@fedsterdam, Knecht & Catt 1981;
Bicsak et al. 1986; Hsueh et al. 1984; Ratoosh et al. 1987; THbylt RKaHsueh 1992)hs far as we
know this is the first report describing the vitro culture of GC obtained from the follicles of
naturally cycling adult mice in a 9&ell format. Cell viability assays that use the high throughput 96
well plate formatsbenefit from the application of control standard plots, in which known cell
densities are related to optical density valyg&swards, Benkendorff & Young 2014; Edwards et al.
2008; Young, FM, Phungtamdet, W & Sasdar BJS 2005previouslyGCshave been reported as
having a doubling rate of 46.4 houfNishi et al. 2001a)hence we consited it likely that the
murine GC would not proliferate in the first 24h, but would only adhere to the floor of the wells
(Paksy et al. 1997%5ince this is the first study to examine primdsrived murine G@ vitro, we
established baseline control conditisnwhich can be referred to in future studies to examine the
effects of gonadotrophins such as follicle stimulating hormone (FSH), and other reproductive

parameters, during longer culture periods.

Murine follicles culturedn vitro increase E2 productiowhen stimulated by Follicle Stimulating
Hormone (FSHAdriaens, Cortvrindt & Smitz 2004; Kreeger et al. 2005; Romero & Smitz 20d0)
Adriaens, Cortvrindt and Smitz (20@ddind that intact follicles containing approximately 20,000 GC
produced the equivalent of 125 pg/mL E2 every 48h. We dothrat 20,000 murine GC in a
monolayerin vitroproduced 143 pg/mL E2 in the first 24h of culture. The difference may be because
only 80% of the GC may have been viable in the folliclegro, whereas it was more likely that all

the primaryderived GC ere viable in the monolayer. On the other hand, the GC monolayer did not
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produce any detectable AMH, even thoulbvenaar et al. (2008¢ported data suggesting that a
follicle containing approximatel00 GC may produce 1.3pM AMiHviva Since the analytical
sensitivity of the AMH kit was 1pM, we were therefore surprised that no AMH was produced by
20,000 GQn vitro. There are two key differences between darvitro system and than vivo
situation; the in vitro system did not include FSH and hence the GC were not stimulated to
proliferate (Visser et al. 2006; Visser & Themmen 20@H)yd fdlicle disaggregation detaches GC
from other GCs and the oocyte which interfered with the intercellular communication essential for
the production of AMHDesai et al. 2010; Gibori 2012; Knight & Glister 200&d¢reet al. 2006)

3.2.4Conclusion

Although the Trypan Blue Exclusion assay is the standard laboratory workhorse for assessing cell
viability, it has not previously been applicable to suspensions with low cell densities. This study
presents a straightfavard and simple method to assess the viability of suspensions with cell
densities as low as 7,800 cells per mL (less than 10 cells/uL). There are few reports of follicles
isolated from ovarian tissue being disaggregated to produce a single cell susp@nsbal. 2016;
Tajima et al. 2006put the ability to obtain GC from pools of follicles of defined size cohorts will
allow examination of reproductive parameters that are affected by follicular development, such as
follicular granulosa cell viability, hormone synthemisensitivity to chemotherapeutics. Therefore,

the next study aims to quantify viabléCsin murine ovarian follicles of different developmental

stages.
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3.3 Quantification ofViable GCan Murine Ovarian Follicles

3.3.1 Introduction

Folliculogenesis idependent on the proliferation of granulosa cells (GC) surrounding the oocyte,
and follicles have therefore been classified according to their diameter and the num& difey

contain (Table 3.2{Bagger et al. 993; Da Silv8uttkus et al. 2008; Griffin, Jeanine et al. 2006;
LinternMoore & Moore 1979; Pedersen & Peters 196B)fferent methods for quantifying the
number of GCsn fixed, embedded and serialgectioned follicles have been reporté8agger et al.

1993; Griffin, Jeanine et al. 2006; Lundy et al. 1999; van Wezel, Ingrid L & Rodgers, Raymond J 1996)
Bagger et al. (1993)sed two methods to calculate the total number®€in sections of 9 follicles
isolated from 2 mice. One of these methods, the nucleator method, depended upon the nucleolus

of the oocyte being in focus in the field of view. The focal plane was adjusted to create a 3
RAYSYaAirzylt wWO2f{ dacgrespénded to the shape & tha ddllile. Alllgianulosa
OStf ydzOft SA Ay (GKAA&A o5 F2fftA0fS WwWO2f dzYyQ & SN
from the oocyte nucleus determined. These data were entered into an equation which was used to
calculate the total number o6Cdn the whole follicle. The second fractionater method essentially
counted all theGCsin serialsections ands & O2y aA RSNBR (GCSer $llidebzS Q v
Although the nucleator method only assessed about 2% oGiian each follicle, the total number
calculated for the whole follicle was accurate when compared to the number obtained from the
fractionator method. There was a close and linear relationship between the follicle volume and the
total number ofGCs Thenucleator method was later used to determine the total numbeG&sn

more than 300 ovine folliclgd.undy et al. 1999)he relationship between the tat number ofGCs

per follicle, and the number d&Csn the section containing the oocyte nucleolus, was described by

the regression equation loge X = at+bebdgvhere X is the total number GfCsand Y is either oocyte

diameter or GC in a section contaiginocyte(Lundy et al. 1999)

Griffin, Jeanine et al. (200&xamined serial sections of fornmaffixed mouse ovaries and human
ovarian cortex biopsies to find the section containing the largest esesson of each follicle. The

data from small antral follicles were excluded because the antral fluid appeared to compress the
GCs Large antral folile data were excluded because many of the follicles were atretic. The
remaining data were used to conduct a regression analysis of granulosa cell count as a function of
follicle diameter, and this was used to derive equations applicable to the calculatigranulosa

cell numbers in follicles of a known diamet@iaple 32 andTable 33).
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Table 3.2: Numbers of granulosa cells (GC) in fixedtgans of murine ovaries.

Ovaries were fixed, embedded, sectioned and usually stainedhaetinatoxylinand eosin. Follicles were allocated to different size cohorts by using

morphological criteria or by measuring the follicle diameters after Griffih @06). GG GCsMorphological criteria included; primordial
flattened, squamous prgranulosa cells with oocytes lacking a zona pellucida, priresingle uniform layer of cuboidal GCs, secondary follieles
3 or 4 layers of GC lacking visigpases between the GC, whereas antral follicles had fluid filled spaces in the mural GC layers.

Lintern-Moore and - .
Reference Pedersen and Peters (1968) Moore (1979) Bagger et al. (1993) Griffin, Jeanine etal. (2006)
Ovarian sections from two Ovarian sections from | GC numbers in 9 murine| GC were counted in fixed mouse ovaries
mice were reviewed and the | two mice were follicles with mean that contained the largst crosssection of
sections of each follicle that | reviewed and the RAI YSGSNJ 2 F| each follicle. Data were used to conduct
Method had the highest number of GQ section d each follicle were calculated using an| regression analysis of granulosa cell cou
etho was used. The number of that had the highest algorithm derived from as a function of follicle diameter.
follicles assessed was not number of GC was used follicular volumes. Granulosa cell numbers calculated using
provided. y=0.0078*2 + 0.147g 0.3863
Primordial X H N 29
0¢26 mMm n=~4100 follicles
Primary 10¢ 100
27¢78mm 21-60 n = ~728 follicles 9-59
Number of | EarlyMid secondary 101-200
GCoer | 79¢ 145mm 61-200 n = ~66 follicles 60-185
follicle Late S p
ate Secondary
Incipient Antral 201-400 n—fg?i—?(?ll?cles :?95 ?;Iﬁ;%ss 187-392
146¢ 215nm - -
Antral 401->600
> 216mM 401->600 n = ~32 follicles >395
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Table 3.3: Numbers of granulosa cells in human follicles

LinternMoore et al. (1974): Histological sections of ovaries from 19 children wereauseghsure the diameters of follicles, granulosa cell (GC)
nuclei and oocytes. GC numbers were counted in the widestsgossn of noratretic follicles, n=20 follicles of each class.

Tsuiji et al. (1985): Ovarian specimens were collected from 9Mpma(eges 3815 yr), healthy oocytes (n=195) were collected from follicles of 3
15mm diameter.

Gougeon (1986): Ovaries from 31 women agedd9ears were fixed and sectioned, follicle diameter was measured in an average of 3 sections.
Density of GCs waneasured in five different areas of each follicle. The number of GC in each follicle was calculated by multiplyimgethe volu
occupied by the GCs by the cellular density. Class 7 GC per follicle numbers are WwdiO®ian GC numbers in Class 6.

Gouweon and Chainy (1987): Ovaries (n=9) from 5 women aged9 collected after surgery. Number of follicles assessed shown in brackets.

Griffin et al. (2006): Ovaries were collected from 5 women agetb@3&after oophorectomy for neneoplastic indicatins, and ovarian cortex

sections used for this study. These tissue samples were therefore biased towards smaller preantral follicles. Ovasamebepged, sectioned and
stained with haematoxylin and eosin and primordial, primary and secondagfg@hd oocyte diameters (n=126) were measured. Application of the
polynomial equation derived from assessment of these cortex sections shows average GC numbers for each human fdilcte size co
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Follicle Size / Class

Lintern-Moore et al.,

Tsujiet al., 1985

Gougeon, 1986

Gougeon 1987

Griffin formula
Y=0.0021%X+

1974 1.014x- 42.969

Primordial, flattened GC, Class C 26-40 30 3516 44

Primary, single layaruboidal GCClass C 40-50 60 4616 70

Secondary, Class 1, many GC lagertheca, Class C/ 50-100 120-200 7711 114

Incipient Antral, Class 2, Class D1 101-200 200-400 302
Diameter [|Early Antral, Class 3, Type D2 200- 1000 400-900 889
(pm) Antral, Class 4 1000- 6000 900-2000

Antral, Class 5 2000-5000

Antral, Class 6 3,00015,000 5000-10000

Antral, Class 7 10000-16000

Antral, Class 8 <40 16000-20000 18800

Primordial 80 36
Oocyte Primary 81-120 42.1
Diameter | Secondary 1-14 73
(um) Early Antral 14-25 76127

Antral, Class 8 21-75 114+1.4

Primordial 8-25 13+6 (408) 6

Primary 25-75 76+27 (153) 50

Secondary 75- 300 600-5000 360+185 (30) 100

Incipient Antral 300-500 5000-15000 455
GCyer Antral, Class 3 0.0005¢ 0.0015x16 0.015- 0.75x16 2500
Follicle Antral, Class 4 0.75¢ 3.7x16

Antral, Class 5 501-1500 3.7¢ 19x16¢

Antral, Class 6 19¢ 94x16

Antral, Class 7 94¢ 47x10

Antral, Class 8 47-60x1C 760,000
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Table 3.4: Numbers of granulosa cells murine follicles calculated using follicle and oocyte diameters.
5AFYSGSNI Nyy3IS Ay tSTFi KFIYyR O2fdzvy WTF2fft A0S adl3sSQ FFUGSNI DNATFFAY

(1) Pedersen and Peters (1968): 2 mice were the source of ovarian sections. G&ateckin the section of the follicle with the highest number of
GC. Number of follicles assessed was not provided

(2) Cortvrindt et al. (1996): 340 follicles from d4-dayold mouse. Measured the diameters of denuded oocytes

(3) Liu et al. (2000): Nelaorn mice were the source of ovaries that were transplanted into ovariectomised adults. 14 days later, 248 preantsal follicle
(average diameter 114+14 pm) were harvested from the ovaries

(4) Smitz and Cortvrindt (2002}4-day old mice were the source oVaries from which secondary follicles were isolated. The diameters of oocytes and
follicles were measured, but the numbers of granulosa cell layers were not provided. For this calculation assume &ayers of

(5) Segino et al. (20053:weekold mice (r=5) were the source of ovaries which were cryopreserved before harvest of 308 preantral folliele30(100
pm) with 2 to 3 layers d&Cs

(6) Griffin et al. (2006): Follicle and oocyte diameters were measured in 104 ovarian sections from 10 mice

(7) Salmoret al. (2004): cumulus oocyte complexes (COCs) from preantral follicles from prepubertal mice (n=3) were cultured fan@4€boyte
RAIFIYSGSNB YSIFad2NBER® 5141 fSaa NBtAFofS (KFy 20KSNJ and disdd$haéutin virs O dza
culture. In the absence of other reports, the diameters of prepubertal oocytes after in vitro culture were used fosduetatary calculation, although

the oocyte diameter is probably too small, therefore, data from thispagere noted in the Table for comparison, but not used to calculate average
values. The diameter of a single granulosa celj Aflire 37) was estimated by subtracting oocyte diameter from follicle diameter and dividing by the
number of granulosa cell layers.

The diameters o6 Csat different stages of follicular development were used to calculate individual and total granulosa cell volumes. In tifie case
secondary and antral follicles, the contribution of theca cells wdsdea by adding two, three, four or five times the diameter of a single granulosa
celltothediamete2 ¥ (G KS 2208 (S NBaLISOGADSteod +2fdzyYS 2F 6K2f S T 26CsUrauhdig 0 = M U
the oocyte =VA&/2. Total number d&Cger follicle were determined by N = (V2)/V3.
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GC cuboid and close-
packed, all volume
accounted for

n

GC spherical & loose-

packed, volume

between GC not
accounted for

Average . Average . Vol. of 0
Follicle Si Di ter of | diameter Diameter diameter |Number of Diameter Oocyte + vol.of | Vol. of GC (5)
0_ Icle size |a.me ero ) of oocyte umbero of aGC ¥ Oocyte | (V1-V2)
(diameter) follicle (um) | of follicle of oocyte | GC layers GC (V1)
(01) (um) (um) (02) (um) (D3), (um) . (V2) um? pum3 Number
m m m
" H H Number of of
Vol.of a . Vol.of a .
. GC/ffollicle| . GC/follicl
single GC single GC
vaypms [ NV ey s | @
V2)/v3 N=(V1-
V2)/V3
Primary 52.1
61.05 28.8 g 28.8 1 16.13 47,466 1,2505 34,961 4,193 8 2,195 16
(27 - 78um) 70
55
92,54, (4)
3.8 5)
. 103.83 54.6 2 12.31 260,219 | 85,211 175,008 1,864 94 976 179
EarlY—Mld 104 (6) 41+0.9 7
Secondary
{79 _145 um) 115 () 5514 12}
114+14 5
117.2 6315 (3 63 3 9.03 382,905 | 130,900 | 252,005 737 342 386 653
120 5
Late Secondary — 564195
Incipient Antral (146 — 1623 162 o 56 4 13.25 677,948 | 91,935 | 586,013 2,326 252 1,218 481
215 um) )
187 ) 67.4
Antral (>216 um) 203.5 68.7 5 13.48 1,319,748 | 169,741 (1,150,007 2,449 469 1,282 897
220, 70
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Human and murine follicular delopment is similar until the late secondary stage when the growth
of human follicles accelerates to produce follicles up to 20 mm in dianf&mugeon 1986; Griffin,
Jeanine et al. 2006; Telfer, Evelyn E & Zdliv&ry B 2013)The formation of fluidilled spaces in

the granulosa cell layers confounds estimations of the numbers, and this effect increases with the
increased size and antral volume of human follicles. Early secondary human follicles with adiamete
range of 50 to 100 (Table 33) have been reported as containing 6300 (Lintern-Moore et al.
1974)or 600;5000(Gougeon 1986%C per follicle, whereas 30 human follicles of diameter 77+11
mm were found to contain 360+185 GGougeon & Chainy 198 Aupporting the lower estimates

by LinternMoore et al. (1974) The application of the polynomial equation derived ®yiffin,
Jeanine et al. (200® a human follicle with diameter of 7vm however yielded a value of only 48

GC per follid. Gougeon and Chainy (1988yiewed 49 human ovaries, where@siffin, Jeanine et

al. (2006)yeviewed only 5 cortex biopsies, therefore the human regression analysis and polynomial
equation proposed bariffin, Jeanine et al. (2006)ay not be broadly applicable to human folis.
PreviouslyBagger et al. (1993)bserved that although there are differences between species with
regards to follicle diameter and granulosa cell counts, the highest source of variation came from
differences betwen follicles with similar diameters. Intéollicle variation may be attributed to
polarisation caused by uneven distribution @Csaround the oocyte. When bovine ovaries were
sectioned in three planes it was found that 3 sections of 1 follicle, eachtingtbocyte nucleus in

the focal plane, could give quite different granulosa cell numifeas Wezel, Ingrid L & Rodgers,
Raymond J 1996We reviewed published studies that reported the diameters of follicles and
oocytes (Table 3.4), then used these tdinensional (2D) measurements to calculate the volume
of follicle, the volume within each follicle occupied®Zsand the volume of a single granulosa cell
(Figure 3.7). We used the latter two values to calculate the numb&Qsper follicle. To do this we
assumed that the true number d&Csper follicle lay within a range delineated by the value
calculated by allocating cuboidal closgacking shape to each granulosa cell, and the GC per follicle

value calculated by allocating a spherical, lepaeking shape to each gransh cell Table 34).
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Figure 3.7: Representative primordial/primary follicle, D1: diameter of follicle, D2: diameter of
oocyte and D3= (DD2)/2: diameter of a single flattened/cuboidal granulosa cell.

Our review of published reports identified three different ways to deternfoikicular granulosa cell
numbers; direct counting in fixed histological sectiomal{le 3.2 and Table 3.3), application of a
formula derived from the assessment of hiktgical sectiongGriffin, Jeanine et al. 2006and the
conversion of diameters to volumeggble 34). In general, the three approaches generated similar
values Table 3.5); a late secondarncipient antral murine follicle with diameter 168 was
estimated to contain 201 to 400, or 187 to 392, or 252 to 481 GC by these three methods
respectively. The latter method gave the baest and least accurate values, since they were derived
from studies that were not designed to quantify granulosa cell numbers, but their overlap with the
other two methods allowed us to select consensus values with a degree of confidence. Additionally,
these values were of a similar order of magnitude as GC per follicle estimations from other species.
Human follicles of approximately 150um in diameter contained-3®@0GCgqLinternMoore et al.

1974) andLundy et al. (1999%pund that smaller 128 pnovine follicles contained a total of 637
GCs
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Table 3.5: Consensus values for numbers of murine granulosa cells per follicle.

Left hand column shows range of diameters for different size cohortflickef a) Granulosa cell numbers in fixed and sectioned follicles b)

Granulosa cell numbers calculated using y=0.80¥8.147x; 0.3863 (Griffin et al. 2006). Granulosa cell numbers estimated using follicle and oocyte

diameters, and the number of gralmsa cell layers d}Csn disaggregated follicles estimated by Trypan Blue assay e) Number e$tBiABPHGCs
per follicle f) Number of LiM@ead stainedsCger follicle and g) number of dead staine@ger follicle.

a) Counted ir _ >| C) Estimated d) .
fixed b) y=0.0078 using follcle | Disaggregated e) Intact DAPI f) Intact L_|ve g) Intact Dead
. . +0.147x . . : Dead Stained : )
histological and oocyte [follicles, Trypal stained follicles : Stained follicle
) 0.3863 : Lo follicles
sections diameters |Blue Estimatio
Primary (2778 pm)
. . 10-100 9-59 8-16 94+43 47+17 52124 69131
Single layer of cuboidal GC
EarlyMid Secondary (7245 um)
2 ¢ 3 layers of GC. Initial 101-200 60-185 94-654 2871135 183194 131+58 187+81
formation of theca cell layers
Late Secondarincipient Antral
(146215 pm) 4¢ 5 layers ofGCs
with some fluid filled spaces. 201-400 187-392 252481 488+125 333+154 253+111 350+64
Mature, vascularised theca
internal and externa layers
Antral (> 216 um) 401-> 600 >395 469897 636+168 350+116 292+87 4661241
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More recent methods for determing granulosa cell numbers per follicle include staining with DAPI
0 n -dianmddino2-phenylindole), a cell permeable fluorescent probe that binds to double stranded
DNA of both live and dead cellsluttinck et al. 993; Porter & Feig 1980; Tarnowski, Spinale &
Nicholson 1991)and can be used to enumeratgCsin a follicle. Since DAPI may also bind to
mitochondrial DNASeifer, DeJesus & Hubbard 2002; Van Blerkom & Runnerth@84, it should

not be assumed that discrete DAR&ined areas coespond to the nucleus of a single granulosa
cell. Another stain that could be used is a ED&ad stain consisting of Calcein AM and Ethidium
Homodimer 1 (EthD 1). Calcein AM is a cytoplasmic dye that enters live cells and is metabolised to
emit a green luiorescent signal, whereas Ethidium Homodimer 1 (Ethi3 excluded by intact cell
membranes, and can only enter the nuclei of dying cells with damaged membfagds et al.
2008; Decherchi, Cochard & Gauthier 199n) this study, we aimed to quantif@Csin whole
isolated murine follicles, and to compare these values with the nurob&Csreviously reported

in fixed, embedded and sectioned follicles.

3.3.2 Materials and Methods

Reagents were obtained from Sigma Aldrich unless otherwise stated.

3.3.2.1 Mouse Ovary Collection
The Flinders Animal Welfare Committee approved our ussubbfanimals. Swiss mice (n=21) aged

15t 25 weeks were used in this study. Mice were killed by cervical dislocation and the ovaries were
isolated by dissection. The ovaries and attached connective tissues were placed in Hanks Balanced
Salt Solution (HBSS)dhtransported to the laboratory &7°C Whole ovaries were dissected free

of oviducts and connective tissue, blotted dry, cut in half and weighed.

3.3.2.2 Follicle Isolation from Ovarian Tissue

3.3.2.2.1 Ovarian Enzymatic Disaggregation

Ovaries (that d been cut in half) were disaggregated using 0.5 mL of 2 mg/mL collagenase IV (295
units/mg, Worthington, New Jersey, USA) in DMEM for 30 minute®7 & then mechanically
disaggregated wit29-gaugeneedles for 5 minutes at room temperature. All reledgellicles were
collected and transferred to a 9&ell plate containing DMEM with 10% foetal bovine serum (FBS,
Bovogen Biologicals Pty Ltd, VIC, Australia) and 1% ITS (insulin 1000 mg/L, transferrin 550 mg/L,
selenium 0.67 mg/L, Gibco, New York, USA).
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3.3.2.2.2 Ovarian NofEnzymatic Disaggregation

Six ovaries from 3 mice were mechanically disaggregated and follicles were dissected fr@8using

gaugeneedles. Follicles were collected into a@6ll plate as before.

3.3.2.3 Initial Follicle Size Classdtion

Diameters of freshly isolated follicles were measured using dissection microscope with a scale
graticule in the eye piece. Three diameters were measured for each follicle and the average
calculated. The diameters were used to classify folliclesiaspdial, primary, early secondary, late
secondary or antral according to their siZ@lple 35) and morphological characteristi€able 3.6)

The diameters of stained follicles were afeeasured using Imagesdftware

3.3.2.4 Follicle Disaggregation

To produce a single cell suspension that could be assessed in a Trypan Blue assay, primary, early to
mid-secondary, late secondary to incipient antral and antral follicles from each mouse were
disaggregated in grqas of 3 follicles per well, in 96 well plates with 10 pL collagenase IV (12mg/mL)
in 50 pL of media (working concentration was 2mg/mL}&Cfor 30 minutes before 50 pL 0.05%
hyaluronidase for 30 minutes. All the contents of each well (i.e. the singlswspension oGCs

from 3 follicles) were transferred to 1.5 mL centrifuge tubes and the volume was made up to 500 pL
with phosphatebuffered saline (PBS). TheCswere centrifuged at 2040 g for 5 minutes,
supernatants werediscarded,and the cells weree-suspended in 20 uL of DMEM media. The
follicles from one mouse were examined in groups of 3 follicles, so that from each mouse a total of
12 follicles of 4 different size cohorts were assessed. This experiment was repeated using follicles
harvested fromenzymatically disaggregated ovaries from three different mice (n=4), and follicles
harvested from mechanically disaggregated ovaries from three different mice (n=3) as described

previously.

3.3.2.5 Trypan Blue (TB) Exclusion Assay

TheGCdarvested fromeach group of 3 disaggregated follicles were resuspended in 20 uyL DMEM,
and 20 pL Trypan Blue solution were added to each of these cell suspensions. Two aliquots, each of
10 uL, were assessed by two authors who counted the live and dead cells in 9 laagessof the

haemocytometer The mean+SD numbers of viable or d&@svere reported for each follicle.
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3.3.2.6 DAPI Staining

Primary, secondary and antral follicles were collected from five mice (n=5). Each group of follicles
was washed with PBS thenasted with 150 yL DAPI (0.04 mg/mL) for 30 minutes at room
temperature in the dark. The DAPI solution was discarded, the follicles washed with PBS, then fixed
in 100 pL of 4% paraformaldehyde (PFA, BDH Laboratory Supplies, Dorset, England) for 40 minutes
in the dark at room temperature. The PFA was discarded and the follicles washed twice with PBS.
The DARs$tained whole follicles were placed onto a paHysine coated glass microscope slide and

the excess PBS removed before adding 5 pL buffered glyceta eover slip.

3.3.2.7 LiveDead Staining

Primary, secondary and antral follicles were collected after enzymatic disaggregation (n=3) of
murine ovaries. Each size cohort of follicles was washed with PBS then stained with 150 pL Live
Dead combined stairlQ uM Calcein AM and 20 uM E#iDinvitrogen, Paisley, UK) a7 °Cfor 45
minutes. The follicles were washed with PBS before fixation in 150 uL of 4% PFA for 40 minutes in
the dark at room temperature. The LA@ead stained whole follicles were placed org polyL-

lysine coated glass microscope slide with 5 pL buffered glycerol and a cover slip.

3.3.2.8 Ethidium Homodimem W5SIF RQ {dFAySR C2ffAQOfSa

Primary, secondary and antral follicles were collected from mice (n=7). Each size cohort of follicles
was ircubated with 150 pL 70% ethanol for 30 minutes at room temperature to kilGGsEthanol

was discarded and 150 pL combined idead stain (10 uM Calcein AM and 20 pM EthBtain

was added as described previously.

3.3.2.9 Twedimensional (2D) Fluoresoce Microscopy

Images of DAPI and Libead stained whole follicles were captured using a fluorescence
microscope Bright fieldBX50, Olympus, Japan) with a LED light so@oel(LEPat light intensity
from 50% to 90%.

Images were taken at 200 mifleconds exposure time at either 10x (for larger follicles) or 20x
magnification. Images were captured using Middanager (v1.4.13, USA) image capture software.
At 10x and 20x magnifications the pixel areas in the images were 0.667 pum and 0.333 pm
respectivdy. These were used to calibrate the scale bars that were embedded in the image and later

used to measure diameters of the follicles.

136



3.3.2.10 Image Analysis

3.3.2.10.1 Determination of Follicular Diameter

Fluorescence microphotographs of stained folBckeere analysed using Image J (1.49v, NIH, USA).
Diameters of each follicle were measured by drawing a straight line across the follicle three times
then calculating the average. The diameter was used to assign the follicle to a size cohort (Table
3.5). Fdiicles that were initially classified as primary, secondary, and antral using anieyenetre

and dissection microscope were found to be of the same size cohort when the diameters were

measured again using the stained images.

3.3.2.10.2 Morphologicalntegrity

The morphological integrity of each follicle was scored accordiNgtmg et al. (201 @ndDolmans
et al. (2006)(Table 3.6) Follicles classified as having intact high quality M1 and M2 grade

morphology were used to estimate nuclear and grasal cell area.
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Table 3.6: Follicle morphology scoring system.

Enzymatically isolated mouse ovarian follicles were classified after Young et al. (2017) (2017), loss
of GCsshape and integrity of basal lamina of follicles wesed to classify follicular morphology as
shown in the table.

Diagram Morphological Classification

No loss of granulosa cells, com@eajranulosa
M1 cell layer, regular and circular shape suggest
a complete and intact basal lamina

Complete granulosa cell layer but irregular
M2 shape, and possibly disrupted basal lamina
without obvious loss of granulosa cells

90% smooth regularuline with irregular

M3a
shape and loss of < 5% of granulosa cells

90% smooth regular outline with irregular

M3b
shape and loss of50% of granulosa cells

Ragged irregular outline, oocyte visible or its
M4a presence apparent. Oocyte can be at surfacs
follicle. >10% loss of granulosa cells

Ragged irregular outline, oocyte separated
M4b from granulosa cells, or absent. >10% loss o}
granulosa cells
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3.3.2.10.3 Area of Granulosa Cell Nucleus and Cytoplasm

Six LiveDead stained M1 or M2 follicles from each of the primary, secondary and antral follicle
cohorts from three mice were used tneasure the area of clearly defined EtiiBtained GC nuclei,

or Calcein AM stained cytoplasm. Ten nuclear or cytoplasmic areas in each follicle were measured
using a circular tool provided in Image J. The green Calceist@iMed areas included the nuclea

area. The average nuclear or cytoplasmic area was determined for each follicle from the ten

replicate cell determinations, and the mean+SD value of all follicles in each size cohort shown.

3.3.2.10.4 Objective, Sernasiutomated Quantification of Granulos&€ell Numbers Using Image

Analysis

In each photomicrograph image, there was stapecific fluorescence and nespecific background

Tt dz2NBaOSyOS GKIFG gt a ljdzk yGAFASR dzaAy3 Yy LYI
background fluorescenceotbe subtracted from the whole image. The grey scale image was
converted to black and white and adjusted so that every stained area was black. When two or more
stained areas overlapped, they were subdivided by insertidgpxelline using an Image J ping
LINEINF YYS Wol GSNEAEKSRQ® ¢KS | NS 2F | 2i@dddlsy dzf 2 a
previous measurement of Calcein AM stained areas had determined this as being the minimum
cytoplasmic area of a GC. Similarly, the Bsa&dhed nuclei were efined as being larger than 5 |im
because previous measurement of Ethdtained nuclei had determined this as being the minimum

area of GC nuclei. The upper limits for cytoplasm or nuclear areas were set to infinity to include any
overlapping stainedaréa G KI 0 Yl & y20 KIFI@S 0SSy &aSLJ}I N} GSR
anticipated that this might lead to an underestimation of granulosa cell numbers, since two or more
2OSNI LAY 3T Oeidz2L FaYAO 2N ydzOf S| NJSINIS Fadzy YOI K
Image J was used to count the number of separate stained areas that were larger than 5 ot 20 um
¢tKS O2dzyi SR WLI NOAOfSaQ ¢gSNBE 2dzif AYSR (G2 OKS

numbers were recorded for each follicle.

3.3.2.105 Coefficient of variation of DAPI image analysis

10 DARSktained follicles from each cohort of primary, secondary and antral follicles were
deidentified before being assessed by threeatghors who were supplied with the standard
operating procedure fothe image analysis of stained follicles using Image J (described above). The

co-authors were asked to determine follicle diameters, morphological integrity and grade, and the
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number of GCsn each follicle. Coefficient of variation was calculated by\stdean and converted

into percentage.

3.3.3 Statistical Analysis

Cytoplasmic and nuclear areas GfCs number of DAPI, Liveead and positive control EthD
stained GCsper follicle, and number o6Csin disaggregated follicles estimated ByypanBlue

asay, were analysed by-day ANOVA with Tukey's Multiple Comparison Test. All tests were
conducted using GraphPad Prism (version 5.00 for Windows, GraphPad Software, San Diego

California USA) where significance was assigned at p<0.05.

Regression analysi$log number ofcCger follicle as a function of the diameter of follicle indicated

a linear best fit line for each estimation (Trypan Blue, DAPLDaa&l and positive Dead).

3.3.4 Results

3.3.4.1 Number of5Csn Disaggregated Follicles

When follicleswere disaggregatedand the GC counted using a Trypan Blue exclusion assay,
granulosa cell numbers were proportional to the size of the folli€igure 38) and the proportion

of viableGCger follicle also ineased as the follicles grew larger. The number&6En primary
follicles were significantly lower than in late secondary and antral follicles. There were 259 to 488

GCger secondary follicle.

Although all the follicles had good morphology and weradgd as M1 or M2 qualitfy oung et al.
2017)before disaggregation, approximatehalf of the GCsin the follicles were not viable. The
proportions of viableGCswere 40+11% (primary), 54+16% (early secondary), 45+7% (late
secondary) and 64+7% (antral) in the follicles harvested from enzymaiiisdlggregated ovaries

and 54+5% (primay), 61+3% (early secondary) and 72+7% (late secondary) follicles harvested from
mechanicallydisaggregated ovaries. However, there were no statistically significant differences in
the total numbers ofGCs nor the numbers of viabl&Cs in follicles harveasd from enzymatic or
mechanicallydisaggregated ovaries. The total numbers of GC per disaggregated follicle were higher
than the highest consensus valuégable 3.5) for secondary and antral follicles estimatesing
KAaG2t23A0rf aSO0A2yAy3d o0YSGK2R |0 YR DNRAFTTA
estimated using follicle and oocyte diameters (method c). When all the data from enzyme and

mechanicallydisaggregated ovaries were pooleBiqure 3.8 B+C), the equation describing the
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relationship between follicle diameter and log GC per follicle was y = 0.0045x + 1.76 where y is the

log of GC per follicle and x is the diameter of follicle.
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C Relationship between GC number and diameter of
follicles harvested from mechanically disaggregated
ovaries
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Figure 3.8: Number ofGCsn disaggregated follicles.

Follicles were collected from either enzymatically (E) (n=3 mice) eanzgmatic mechanically (NE)

(n=3 mice) disaggregated ovaries. Mechanical disaggregation of the ovary dicclibagy antral
follicles. Mean+SD follicle diametersniu shown in brackets onaxis. Follicles allocated to size
cohort after Griffin et al (2006). Isolated follicles were disaggregated with collagenase IV and
hyaluronidase in groups of 3 follicles fromach mouse. Th&Cscollected from groups of 3
disaggregated follicles were examined in a Trypan Blue Exclusion assay to determine the numbers of
viable and dead cells. Data wesnalysedby I-way ANOVA and Tukey's Multiple Comparison Test.
(A) MeanzSD shm, (B) and (C) Linear Regression analysis of log number of GC/follicle against
diameter of follicles from enzymatically and renzymatically disaggregated ovaries.

3.3.4.2 Cytoplasmic and Nuclei Areas in Livead Stained GC

There were no significant ddrences in the areas of individual granulosa cell nuclei or cytoplasmic
compartments in primary, secondary or antral folliclEgy(re 39). The smallest areas of granulosa

cell cytoplasm that were measured wet®.6, 20.9 and 28.5 pinand the smallest nuclei areas
were 5.3, 8.9 and 5.3 pthin primary, secondary and antral follicles, respectively. From these it was
decided to define the minimum area of stained cytoplasm or nuclei for image analysis as being 20

um?or 5 unt, respectively.
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Figure 3.9: Area of granulosa cell nuclei and cytoplasm in intact follicles.

Follicles isolated from three mice were stained with Calcein AM (Live) and Ethidium Hordodimer
(Dead stain). Imaged ten clearly focuse@Cdrom each of six morphologically intact follicles from
SIFOK 2F GKS LINAYFNER O6T1THpn >Y0X aSO2YyRINE OMOC
measured using a circular tool in ImageJ. Mean SD of n=60 nuclei and granulosa cell cytoplasmic
areas fromeach size cohort presented. Data waralysedby I-way ANOVA and Tukey's Multiple
Comparison Test. Insert shows a fluorescence photomicrograph of red Etaibed granulosa cell

nuclei in a secondary follicle with diameter 176. 22 pm.

3.3.4.3 Number oDAP1StainedGC<Per Follicle

The numbers ofCsin primary follicles were significantly lower than in early (p<0.05) and late
(p<0.01) secondary follicles and antral (p<0.01) follidkegufe 3.10A). Image anabis of DARI
stained follicles yielded granulosa cell numbers that increased as the size of the follicle increased

from primary to late secondary {R0.61,Figure 310B).

The total numbers of GC per primary, sedary and antral follicle were within the range of
consensus valueFéble350 SAaGAYFGSR 6@ KAad2t23A0Ft aSO0A:
DAPI stained GC in canted primary follicles were higher & numbers estimated using follicle

and oocyte diameters (c).
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A total of 30 deidentified DARLained primary, secondary and antral follicles were given to three

trained examiners to measure the diameters, assess morphology, and estimate the numi@d?lof D

stained areas per follicle. In 70% of cases different examiners allocated the same follicle

morphological grade. The coefficients of variation of Dgd3itive GC number estimation ranged

from 1.4 to 12.4 % and follicle diameter measurement ranged ftadrto 12.1%Table 37).
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Figure 3.10: Number of DAR$tained GCyer follicle.

Primary (66x9um), early to mgkecondary (122 £ 19 um), late secondary to incipient antral £176

18 um), and antral (235 £ 17 um) follicles (total of 118 follicles) were collected from the enzyme
disaggregated ovaries of five mice (n=5) and stained with DAPI. Image J software was used to
objectively quantify the number of discrete DARIned areasn each follicle. (A) MeantSECper

follicle. Data were analysed bywlay ANOVA and Tukey's Multiple Comparison Test. Significant
difference from primary follicles *<0.05, **p<0.01. (B) Linear Regression analysis of log number of
GC against diameter @bllicles. Insert shows a DAR&ined antral follicle with diameter 220.72 pm.
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Table 3.7: Interpersonal variation in estimating GC numbers and diameters of follicles

Photomicrographs of 10 DABtained morphologically intadbllicles from four size cohorts of follicles were deidentified before being assessed by co
authors who were supplied with the standard operating procedure for image analysis to determine follicle diameters antb#reohGCsan each

follicle. MeantSD® (G KNBS | d3aSaaz2Nna SaidAyYldiAazya yR O2STFFAOASyGa 2F O NRFGA
Primary EarlyMid Secondary Late Secondaryncipient Antral
Antral
GC Number Diameter GC Number Diameter GC Number Diameter GC Number Diameter
(>m) (>m) (>m) (>m)

Mean+SD 41+1 65+2 11645 123+10 174422 178+22 301+13 231+4
0 .
% Coefficient 1 3 4 8 12 12 4 2
of variation
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3.3.4.4 Number of Calcein AM and Ethidium HomodiregLiveDead) StainedsCser Follicle.
Image analysis of LiM@ead stained folliclegielded granulosa cell numbers that increased as the

size of the follicle increased from primary to late secondaf@R3,Figure 3.11B). The total
numbers ofGCsn primary follicles were significantly lowerah in early secondary (p<0.05) or late
secondary and antral follicles (p<0.01). Although all the follicles had good morphology and were
graded as M1 or M2 qualifierman et al. 2015; Young et al. 2Q1approximately 57+28% of the
GCadn the follicles were not viablé&he proportions of viabl&Csavere 38+25%41+28%, 45+29%

and 61+28% in the primary (71+8 um), early (125£15 pm), late (197£19 um) secondary and antral
(248+33 um) follicles respectively.

Estimations of livelead stained GC numbers were in the middle of the consensus ranges estimated

by method(a) and (b) Table 35) but were at the lower end of the estimations from follicle and

oocyte diametersTable 35, method c).

147



Number of GC/Follicle

Log (GC/Follicle)

400

350

300

250

200

150

100

50

3.0

2.5

2.0

1.5

1.0

0.5

0.0

M Live Dead Total
d
c
b
T
Primary (n=12) Early Secondary - Late Secondary - Antral (n=7)
Mid secondary Incipient Antral
(n=36) (n=21)
[
} L y =0.0045x+ 1.5
. ® RZ=0.6
0 50 100 150 200 250 300 350

Follicle Diameter {(um)

148

Figure 3.11: Number of CalceinAM and Ethidium HomodirrkestainedGCger follicle.

Primary (71 £ 8 um), early to msgcondary (125 + 15 um), late secondary to incipient antral (179 *

19 um), and antral (248 + 7 um) follicles (total of 76 follicles) were colléaiad the enzyme
disaggregated ovaries of three mice (n=3) and stained with Calcein AM (Live, green) and Ethidium
Homodimer 1 (Dead, red). Image J software was used to objectively quantify the number of Live
Dead stained areas in each follicle (A) MeanaSlive and deadsCser follicle. Total numbers of
GCwer follicle in each size cohort were analysed-mag ANOVA and Tukey's Multiple Comparison
Test.avDb,bvd, p<0.05,andavc &d, p<0.01. Insert shows fluorescence photomicrograph of a Live
Ded stained antral follicle with diameter 444.25 ym. (B) Linear Regression analysis of log number
of GC against diameter of follicles.



3.3.4.5 Number of Ethidium Homodimer { (| A Y 6GpedBlkle R Q

Image analysis of follicles exposed to 70% EtQHsssined with Ethidium Homodimer 1 yielded
granulosa cell numbers that increased as the size of the follicle increased from primary to late
secondary (R=0.60,Figure 312B). The numbers g&Csn primary follicks were significantly lower

than in early (p<0.05), late (p<0.01) secondary and antral follicles (p<0.01). The numbers of GC were
at the higher end of the estimations from consensus vallieble 35, method (a) ad (b)] but were

lower than that estimated from using follicle and oocyte diameters.
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Figure 3.12: Number of Ethidium Homodimet stainedGCger follicle.

Primary (68115 um), early to mgkcondary (117+£23 um), late sedary to incipient antral (181+23

um), and antral (255+60 um) follicles (total n=63) were killed with 70% ethanol before staining with
Ethidium Homodimer 1. Image J software was used to objectively quantify the number of EthD1
stained nuclei in each follee Data were analysed byviay ANOVA and Tukey's Multiple Comparison
Test. (A) Mean+SGCsn follicles shown. Significant difference to primary follicles for GC per follicles
indicated, *p<0.05 and **p<0.01 (B) Linear Regression analysis of log nun@@ragfainst diameter

of follicles.

3.3.4.6 Comparison of Granulosa Cell per Follicle Values Obtained from Different Methods

The total numbers (i.e. live plus dead)®C4IS NI >Y RAI YSGSNI 2F F2ff A Of
semiautomated image analysis of isolated follicles stained with DAPI eDlgiad stain were similar

to each other, but approximately half the consensus values obtained by coun@isg H&E stained
histological sections, or by calculations using formulae, or follicle and cell volTalele (3.5 and

Figure 3.13). The GC per follicle values obtained by counting Tryplale stained cells from
disaggregated follicles however were similar to the consensus vdhigsré 3.13). There was no
statistical difference between the GC per follicle values estimated using the three dtffeethods

in this study; TrypaBlue, DAPI nor LiMeead stain.
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Figure 3.13: Comparison of granulosa cell per follicle values.

Total granulosa cell numbers a) in follicles in fixed ovarian sections b) calculated frdefolimes, c) determined by disaggregating follicles then
counting the granulosa cell numbers in a Trypan Blue Exclusion assay, d) in follicles stained with DAPI e) in faticleightiéa® EtOH and stained
with Ethidium Homodimer 1, f) determineyg bsing image analysis to quantitate the number of ddgad stained cells in an intact follicle. Mean+SD
GCger um diameter of follicle shown for each size cohort. Number at the base of each column is the number of follicleeugedhe data point
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3.3.5 Discussion

At the commencement of this study, there was no definitive consensus value for the numBe&sof

in a follicle, although many researchdBagger et al. 1993; Griffin, Jeanine et al. 2006; Lanter
Moore & Moore 1979; Pedersen & Peters 1968)d estimated the numbers oECsin fixed
histological sections of mouse ovaries. Values derived from histological sections cannot be applied
to experiments using whole, intact follicles, because the distrdmubf GCan follicles is polarized

(van Wezel, Ingrid L & Rodgers, Raymond J 19948 is the first study to quantifgC in isolated

murine follicles which also compares three different methobishje 35).

It was assumed that all GC in frestdglated follicles would be viable, because when histological
sections of humanormdy 2 3 Si4 20 NASa 6SNB o0Q SyR fFoStfS]
cells in noratretic folliclegLierman et al. 2015; Young et al. 199AYNEL labelling does not identify
necrotic cells, and therefore the number of dead GC in situ may have been underestimated,
nevertheless the finding that onlyalf the GC in freshlisolated follicles were viable was surprising.

It was initially thought that enzyme disaggregation of the ovary may have reduced GC viability within
the follicle, but when ovaries were disaggregated mechanically without enzymes wWeaseno
increase in GC viability. Two different methods were used in the present study to assess GC viability
(Trypan Blue and LiM@ead stain) and both demonstrated that the proportion of viable cells
increased from 40% in small primary follicles to 60%hénlarger secondary and antral follicles. In
addition to this the Livéead staining suggested that the majority of dead GC were located in the
peripheral layers of the follicles. It is possible that follicle size or volume affected the proportion of
viable GC, and this observation supports the proposal that the process of isolating follicles from the
ovary may have reduced GC viabilityierman et al(2015)also concluded that the separation of
follicles from the extracellular matrix of the ovary caused GC death, because there was no follicular
FLIR2LIG2aAa Ay KAaa2t23A0lf aSOGA2ya 27F-OBEénhd NA Sa
of fragmented DNA of apoptotic cells after TUNEL assay This was not surprising because
vascularization of the outer theca layer of secondary follicles would appear more susceptible to
damage during the isolation process to separate the follicles from theyolso, it is possible that

the higher proportion of dead GC in primary follicles reflects the poorly formed basal lgmota

as robust as in larger follicles.

Others have applied livdead stain to mouséKreeger et al. 2006)pvine (Lunardi et al. 2012)
(Merdassi et al. 2011kow(Aerts et al. 2008and human(Campos et al. 200) ovarian follicles. In

these studies, greed 0 A Y SR I NBI & O2 NNSepiekeytdrl hs/adercedt of e A O S ¢
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whole follicle area, rather than being counted as individual cells as in the present study. In those in
situ studies, more than@% of each folliclevasviable, irrespective of the speciéerts et al. 2008;

Campos et al. 2011; Kreeger et al. 2006; Lunardi et al. 2012; Lundy et al. 1999; Merdassi et al. 2011)
However, it is possible tha2zsY S 2 F (G KS Wi A &pedific, Zand-tiisyelevatsd thiel a
SadAYlLUGA2Yy 2F GAlLo6tS D/ ydzyo S Mkided 6BEvEE coimfaged y dzY
to the numbers of viable GC that excluded Trypan Blue, the numbers were similar to eachrothe
another study in whichGCsfrom mouse large antral follicles were isolated by puncturing and
assessed by Trypan Blue staining, 60%@dévere deadLi et al. 2016) When nechanically isolated

ovine whole preantral follicles were cultured vitro, on the second day the follicular cell viability

was found to be 62.5% unardi et al. 2012)These two studies support our own finding that

approximately half the GC in freshly isolated follicles are viable.

Six diferent methods were used to estimate number of GC per follicle. All the staining procedures
estimated lower GC per follicle numbers than the estimations from histological sections, estimations

from follicle and oocyte diameters or the Trypan Blue assa§Grfrom disaggregated follicles.

Although the DAPI staining combined with objective image analysis estimated lower GC per follicle
numbers than disaggregated follicles combined with Trypan Blue staining, the difference between
GC quantification values wamt statistically significant, nor was there any statistical difference
between these and the LivBead staining method. The DAPI staining protocol is inexpensive and
straightforward and the objective image analysis protocol highly reliable and reprddudite
inter-assay coefficient of variation for quantification of GC numbers in secondary follicles was only
4% andmeans that the method can be applied to assess the effects of test reagents on GC

proliferationin vitro.

Trypan Blue assay is considerede the best way of estimating the granulosa cell numbers because
it directly estimated live and dead cells disaggregated from follicles. Moreover, unlike the staining
approach it does not depend on the penetration of dye to the inner layefs@d Hence there is

no risk of underestimation due to low penetration of dye. In addition, it is a direct estimation of GC
in single cell suspension and so there is no underestimation resulting from overlapping of stained
GCs Also, the granulosa cell numbers gsdted from Trypan Blue linearly increase with increasing
diameters (R=0.97). Distribution o6Csas a function of diameter represented the pattern of best

fit that indicated that there was no systematic or gross efiarp et al. 2010)On the other hand,

regression analysis from GC numbestimated from DAPI stained ¥®.61), live dead stained
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(R=0.57) and positive dead stainec?$R.60) as function of follicle diameter represented poor fit
with regression line. Therefore, regression equation obtained from TB estimations can be used to
estimate the total number oGCresent in a follicle with known diameter because in 97% cases, it

can predict accurately the follicular cell numbers as a variation of follicular diameter.

In conclusion, the direct estimation of GC in a disaggregateidléotivercomes the limitations of
other estimation methods of follicular cell number and viability including, histological cross section,
2D staining and follicular volume. The total and viaBlésper follicle can therefore be used as a

baseline estimatin to compare with that after exposure to chemotherapy.
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4. CHAPTER FOUHREIMINARYSTUDIES OROLLICLESI VITRO

4.1. Introduction

Although follicle culture is am vitro technique commonly used for facilitating the development,
growth, and maturatio of oocytes(Dewalilly et al. 2016; Diclemente et al. 1994; Durlinger et al.
2001; Eppig & Schroeder 1989; Lebbe & Woodruff 2013; Spears et al, t8#94pplication oin

vitro culture of ovarian follicles to stly the toxic effects of new drugs and existing chemotherapies
on reproductive function has been limited. With the development and discovery of new molecules
of pharmaceutical importance, the need for developingitrofollicle culture systems has emerged

to characterise aspects of the reproductive toxi¢iBortvrindt & Smitz 2002)n addition to this the
international Conference on Harmonisation of chaical Requirements for Registration of
Pharmaceuticals and the Organization for Economico@ation recommend that any
pharmaceutical molecule intended for human use should be tested for reproductive toxicitin The
vitro culture of murine folliclessi an easy, economic and safe way to investigate the toxicity of
therapeutically used pharmaceuticals, including chemotherapies, and can contribute to the
development of new treatment guidelines with reduced reproductive toxig@grtvrindt & Smitz
2002)

The aim of this project is to examine the role of chemotherapies in ovarian failure. Follicles produce
different hormones at different stages of follilar growth and development. Pharmaceuticals and
chemotherapeutics may exert detrimental effects at different stages of follicle development and
thus affect hormone productio(Channing et al. 1980; Jamin & Haza®81; Reed & Carr 201&hd

can lead to infertility. Breast cancer is the most commonly diagnosed cancer among women, among
the diagnosed patients about 12% are of premenopausal age (below 45 (Rags) & Rosen 2011)

and approximately 90% survive after chemothergiperlay et al. 2015; Morgan et al. 2012)
Commonly used chemotherapeutics for treating breast cancer include Doxorubicin (Adriamycin)
with Cyclophosphamide (A(Dees et al. 2000; Ganz et al. 2017; Jones et al. 2006; Singh et al. 2017;
Swenson et al. 2003) Chemotherapeutics kill rapidly proliferating cancer cells. During
folliculogenesis, follicles grow from primary to antral follicles through the proliferatio®Gs
Hence it is likely that chemotherapeutics will kill the proliferat@®@sof growing follicles; however,

the effects of these chemotherapeutics on ovarian follicles have not been exammingdo.
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Previous studies suggested that culture of muriaeandary follicles in a 2D culture system allowed

the growth of follicles to antral stage and supported GC proliferation, maturation of oocyte, and
steroidogenic functiongCortvrindt & Smitz 2002; Eppig & O'Brie906; Eppig & Schroeder 1989;
O'Brien, Pendola & Eppig 2003; Spears et al. 1994; Spears, De Bruin & Gosden 1996; Telfer et al.
2008; Wang et al. 2011iere two related preliminary studies involving short term 48h or 72m2D

vitro culture of murine secodary follicles are presented to examine follicle growth, granulosa cell
proliferation, follicle integrity and hormone synthesis. The IC25s (of doxorubicin, cyclophosphamide

and gamma tocopherol) estimated in the previous study (chapter 2) were used Btubis

4. 2 Methods

4.2.1 Isolation ofMurine SecondaryFollicles

Mice that were surplus to the breeding colony requirements of the College of Medicine and Public
Health Animal Facility were allocated to routine cull. Female Balb/C or C57/BL cull mearoage

8-20 weeks were used in this experiment. On each occasion one mouse was killed by cervical
dislocation and the ovaries collected. Ovaries with oviduct and adipose tissue were carried to the
laboratory in alpha MEM (Sigma) with 10% FCS (Bovoglgisals Pty Ltd, VIC, Australia), 1% ITS
(Gibco, New York, USA) and 1% penicillin and streptomycin (Sigma) (complete me&H&y at
Ovaries were dissected free of oviducts, adipose tissue and extraneous tissue before mechanical
disaggregation using 22auge syringe needles until all individual follicles were isolated. On separate
occasion (for exposing to chemotherapeutics), follicles were dissected out after exposing ovaries to
H Y3IkKY[ O2ftfl3SylaS L+ Ay 5dzf 6 SOODMiauteadBRE FA SR
Only the secondary follicles with diameters from 79 to 145 um were transferred to a well of a 96

well plate containing complete media to produce a pool of secondary follicles from both ovaries.

4.2.2In Vitro Qulture of Murine Follicles

On each occasion, 10 isolated intact murine secondary follicles with spherical morphology (intact
basal lamina with no loss of GC) were cultured in a group of 5 follicles per well in 200uL complete
media with 25IU/mL follicle stimulating hormone (FSH) (@keBerono Australia Pty Ltd., NSW)
under humidified conditions a7°Cwith 5% C®@for 72 hours. On the commencement of culture,
follicles were photographed using an inverted microscope and thereafter every 24 hours until the
end of culture. Every 24h, 160 conditioned culture media were collected and replaced with same
volume of fresh culture media with FSH. Collected conditioned media were stored in eppendorfs at

-20°C for hormone assay.
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4.2.3 FollicleExposure toChemotherapeuticsin Vitro

Only the secndary follicles with intact morphology were collected in a well of avefl plate
containing complete media (DMEM/F12 with 10% FCS + 1% ITS). Groups of 4 follicles were
transferred to wells of a 9@vell round bottom plate and exposed to 100 L of the tessdigents
(Table 4.1). Doxorubicin (Dox) (Sigma, Sydney, Australia) amglddoperoxycyclophosphamidea (
prodrug of active metabolite of cyclophosphamide, BEYP) (ThermoFisher Scientific, Victoria,
Australia) were each added tsterile water to make stock solutions of 100 uM and 1000 puM
respectively. These were stored &tChand 2°C respectivelyHoffman et al. 1979; Ulukaya et al.
2008) Immediately before use they we diluted further to the desired concentrations (see below
and Table 4.1) in complete media. Gammtacopherol (gToc) (Sigma, Sydney, Australia) was
dissolved in DMSO to prepare a stock solution of dd00and stoed at £C Immediately before

use it was diluted further to the desired concentrations (see below &able 4.1) in complete
media, such that the concentration of DMSO that cells were exposed to was 0.3% DM&AvaH

no significant difference in cell viability, or estrogen production by cells exposed to 0.3% DMSO

when compared to complete cell culture medium alone.

Table 4.1: Test reagents

Test reagent Concentration
Control (DMEMF12+910%FCS+1%ITS) 0

Doxorubicin + Cyclophosphamide (AC) 1.21 uM + 21.23 uM
Gamma Tocopherol (gToc) 35.1 uM

Doxorubicin + Cyclophosphamide + gToc (AC+gT 1.21 uyM + 21.23 uM+35.1 uM

Follicles in treatments were incubated for 48 hours &f°C with 5% CQ@ Follicles were

photographed under inverted microscope at the commencement of culture and after 48 hours.

4.2.4 FollicleDisaggregation

At the end of 72hif vitro 2D culture) and 48h (chemotherapeutics exposed to follicles) culture
period, 150uL ath 100 pL of conditioned media respectively were collected from each well. 10uL of
Collagenase IV 12mg/mL (Worthington, New Jersey, USA) was added to the remaining 50uL of media
containing 5 or 4 follicles to produce an effective concentration of 2mg/mlliclés with

collagenase IV were subjected to incubatiorBatCwith 5% CQfor 30 minutes with gentle shaking

158



for one minute every 15 minutes. After that, 50uL 0.05% hyaluronidase was added and further
incubated for 30 minutes. All the contents of eachlivedter incubation were transferred to 1.5mL
centrifuge tubes and the volume was made up to 500uL with PBS. Is@&sdere retrieved after
centrifugation at 2040g for 5 minutes, supernatants wdrscardedand cells were resuspended

in 20pL compete ®dia.

4.2.5 FolliculaCell Viability Assessment

The GCsharvested from each group of 5 or 4 follicles were suspended in 20uL of complete media
and 20uL trypan blue were added to each of these single cell suspensi@@sdfwo aliquots of

10pL were assagd by counting all the live and dead cells in 9 large squares of haemocytometer.
Mean+SD of viable and ded@Csper follicle are reported. Experiment was repeated on four

separate occasions (n=4).

4. 2.6 HormoneProduced byFolliclesIn Vitro

4.2.6.1 Esadiol Enzyme Immunoassay (EIA)

The conditioned media were examined in a competitive Estradiol (E2) EIA (Cayman Chemical ELISA,
Ann Arbor, MI, USA). The manufacturer reports a detection range from 6.6 to 4000 pg/mL, and an
intra-assay coefficient of vatiian (CoV) from 7.8% to 18.8%. For this study, the estradiol standard
was diluted in the alpha MEM complete cell culture medium to give concentrations that ranged
from 6.6 to 4000 pg/mL. All supernatants from four separate experiments were examined in one

EIA, in which the standard curvé\Rilue was 0.99.

4.2.6.2 Progesterone Enzyme Immunoassay (EIA)

The conditioned media were examined in a competitive progesterone EIA (Cayman Chemical ELISA,
Ann Arbor, MI, USA). The manufacturer reports a detection lohilOpg/mL, an intraassay
coefficient of variation (6V) of 7.5%, and an inteaxssay GV of 2.9%. For this study, the
progesterone standard was diluted in the alpha MEM complete culture medium supplemented to
give concentrations that ranged from 7.18 tOQD pg/mL. All supernatants from four separate

experiments were examined in one EIA, in which the standard cérvalir was 0.99.

4.2.6.3 AnttMullerian Hormone (AMH) Enzyme Immunoassay (EIA)

Conditioned media were examined in a twvomunological stesandwich type EIA (Immunotech,

Marseille Cedex, France). The manufacturer reports a detection limit of 1pg/mL, aasstg CoV
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of 12%, and an inteassay CoV of 14.2%. For this study, the AMH standards were diluted in complete
medium to give concentratns that ranged from 0 to 150 pM. All supernatants from four separate

experiments were examined in one EIA, in which the standard cirvali® was 0.99.

4.3 Results

4.3.1 Follicle Morphology and Growth

Although follicles cultured in 2D culture systemintained intact structures with clearly visible
oocytes surrounded b§Cswithin basement membrane~{gure 42), follicles did not grow over the

72h culture period (p>0.05F(gure 4.1). Addition of FSH did not stimulate GC proliferation or
growth of follicles. At the commencement of culture, morphologically follicles had intact basal
membrane Figure 43 A, C, E, and G) with miplie layers of5Cssurrounding the oocyte. After 48h

in vitro either with chemotherapy or gamma tocopherol there was a loss of spherical structure and
GCaswere dispersed across the surface of the wellj(re 43 B, D, F and H). Exposure to doxorubicin
and cyclophosphamide in combination caused dispersal of the cumulus oocyte complex (COC)
(Figure 43 D) in contrast to the compact appearance of the COC in follicles cdlturéer control
conditions in DMEM/F12F{gure 4.3 B). Follicles exposed to Gamma tocopherol had a similar
morphological appearance to the control follicles cultured in DMEM/F12, but possibly with less

compact CO€and more dispersed GEidure 43 F).
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Figure 4.1: Ovarian follicle growth in vitro.

Mechanically isolated murine secondary follicles were allocated in groups of 5 to twofwedé

well round bottom plate and cultured for 72 hours3aCwith 5% C@ Follicles were photographed

at commencement of culture and thereafter every-lHtr using an inverted microscope.
Photomicrographs were used to determine diameters of follisjeslrawing three straight lines
through the oocyte using Image J. Experiment was repeated on four separate occasions (n=4),
MeanzSD shown for each time point. Data were analysed using-@&éné ! b h t! g A0K
multiple comparison test.

TIME (HOURS):

Figure 4.2: Follicle morphology during in vitro culture.

Mechanically isolated murine secondary follicles were cultured in groups of 5 follicles in duplicate
wells of a 96well roundbottom plate for 72 hours aB87°Cwith 5% C@ Folliclesvere imaged
individually at 25X magnification under inverted microscope on commencement of culture and
thereafter 24h interval.
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Figure 4.3: Follicle morphology before and after 48h culture.

Groups of 4 follicles were exposéd DMEM/F12, doxorubicin+cyclophosphamide, gamma
tocopherol or doxorubicin+cyclophosphamide+gamma tocopherol for 48 hours in wellsvefl 96
plate under humidified condition aB7°C with 5% C@ Follicles were photographed at
commencement (A, C, E andaB10X magnification and at the end of culture period (B, D, F and H)
FG n- YFEIYAFTAOFLGA2yd h20@83GS AyRA OB RERIsperded &4 2 f A
GCO XHhu @
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4.3.2 Follicle Cell Viability

There were 108TGCyer secondary follicle after 7Rour in vitro culture of which 63% were viable
(Figure 44). Addition of gToc to doxorubicin and cyclophosphamide resuttechumber ofviable
granulosa cell numbers per frof follicle, andthe percent of viabé cells to be similar to control
and to the gToc treated group of follicles after 48 houfgyre 45). However, doxorubicin and
cyclophosphamide reduced the numbers and percentage of vialiger unv of follide (Figure 4.
5).
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Figure 4 4: Follicular cell viability in vitro.

Mechanically isolated murine secondary follicles were cultured in groups of 5 follicles in duplicate
wells of a 96well roundbottom plate for 72 hours &7°Cwith 5% C@ At the end of culture period,
follicles were disaggregated using collagenase IV and hyaluronidase to produce single granulosa cell
suspension to be assessed by trypan blue assay. Mean+SD @ @4l and viability (% of viable

GC) (B) four experimental replicates (n=4) shown.
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Figure 45: Follicular cell viability.

4 follicles in duplicate wells were treated with DMEM/F12, doxorubicin + cyclophosphamide (AC),
gamma tocopherol (gToc) or doxorubicin + cyclophosphamide + gamma tocopherol (AC+gToc) for
48 hours. After culture period, follicles were disaggregated to is@&®nd live and deaGCsvere
assessed by trypan blue assay. Mean+SD of viaBkper punt of follicle (A) and percent of viable
GCsper treatment presented (B). Data analysed by -gneé ! bh %! gAGK ¢dz1 S
comparison test, significant difference, * p<0.05 from control (DMEM/F12).
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4.3.3 Hormone Production

Follicles produced estrogen, and pesterone but not AMH. The synthesis of estrogen and

progesterone was not significantly different in each 24h interare 46)
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Figure 4.6: Hormone synthesized by murine falies in vitro.

Groups of 5 mechanically isolated murine secondary follicles were cultured for 72 hours. Conditioned
media were collected every 2bur interval and subjected to estrogen, progesterone and AMH
ELISA. Hormone synthesized per well were adjust follicle number. Experiment was repeated on

three separate occasions (n=3), mean+SD of hormone produced shown, (A) estrogen synthesized per
um diameter of follicle and (b) progesterone synthesized per um diameter of follicles. Data were
subjectedtoneg @ ! bh+! GAGK ¢dzl SeQa YdzZ GALX S O2 YLI N
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4.4 Discussion

The 2D culture system did not support follicle growth. This finding was supporté&pig and
Schroeder (1989%nd Eppig and O'Brien (1996)hs preliminary studyto examne the effects of
chemotherapeutics on follicles suggests that the IC25s of chemotherapeutics against d40$

were more cytotoxic to follicles than breast cancer cells (killed more than 25% of folkeGkar
Doxorubicin and cyclophosphamide BiCF7 1C25s killed about 90% of na@ancerousGCsbut
whenin combination with gToonly caused the death of 49% of GC which suggests that addition of
gToc prevented the death of about 40% of the GCs. However, about half of the dBQtsakere

dead. One factomay have been suboptimal culture conditions that used high atmospheric oxygen
levels (20%). This high level of oxygen might have contributed to the low GC viabddgtrol
follicles Previously follicle viability was higher in 5% oxygen than in @86k et al. 2013;
Hartshorne 1997)Similar to the study conducted bhelfer et al. (2008}his preliminary study
suggests that hormone synthesis is reduced in a 2D culture system. This may be because loss of
spherical structure in a 2D Iture system causes disruption autocrine and paracrine functions
through increasing stress in gap junctioasd that thiscontributes to impairment of hormone
synthesis(Cortvrindt, R, Smitz, J & Van Steirteghem, AC 1996; Desai et al. 2010& EpBigen

1996; Eppig & Schroeder 1989; Telfer et al. 2008ese preliminary studies indicate a need to
develop a robust and reliable 3D follicle culture system to examine the effects of chemotherapeutics
on follicle cell viability and hormone synthesi vitro. However, these initial results were promising
with respect to the potential for gToc to reduce granulosa cell death in follicles exposed to

chemotherapeutics.
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5. CHAPTER FINBEVELOPMENT OF AR LICLEULTUREIYSTEM

5.1 Overview

Ovaries contain follicles which are three dimensional (3D) spheres made up of a central oocyte (egg)
surrounded by layers @6Csand additional layers of theca cells in the larger, more mature follicles.
The main function of the granulosa and theca cells sufgport oocyte maturation so that it can be
fertilized by spermatozoa after ovulation vivo (Macchiarelli et al. 1992)Ovarian follicles are
culturedin vitrofor many reasons including vitro maturation to produce fertilizable oocyteand

to allow investigation of the fertilifsuppressing effects of chemotherapeutics on granulosa cell
viability and hormone productiofCortvrindt, R, Smitz, J & Van Steirteghem, A 1996; Desai et al.
2010; Heidaret al. 2012; MohammaelRousheh et al. 2006; Moon et al. 1978; Picton, HM et al.
2008; Telfer, Evelyn E & Zelinski, Mary B 2013; Zhang et al.. 2&ldylimensional (2D) culture
systems have ken used to grow follicles but theszD culture systems causellapse of the 3D
spherical structure with consequent impairment of follicle and oocyte maturat©@ortvrindt, R,
Smitz, J & Van Steirteghem, AC 1996; Desai et al. 2010; Eppig & O'Brien 1996; Eppig & Schroeder
1989. In contrast, culturing ovarian follicles in 3D matrices supports the growth of follicles in all
directions, maintains intecellular gap junctions and maintains enclosure of the oocyte within the
granulosa cell layerCortvrindt, R, Smitz, J & Van Steirteghem, AC 1996; Desai et al. E010)
addition, culturing follicles in a 2D systemvitro, in a preliminary study (chapter 4) made it clear
that a more complex culture system that modelled thevivosituation was required. Therefore, the
purpose of this study is to compare two 3D matrices (established versus novel) with a 2D follicle

culture system (negative control).
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5.2 Threedimensionalln Vitro Qulture of Murine SecondaryFollicles in aDefined
Synthetic Matrix

5.2.1 Introduction

Two dimensional (2D) culture systems allow cells to grow in a monolayer on a rigid and flat substrate
(Edmondson et al. 2014pD follicle culture systems have been evaluated by examining oocyte
germinal vesicle breatown (GVBJEppig & Schroeder 1989; O'Brien, Pendola & Eppig 200B)
meiotic arrest(Eppig & Schroeder 1989joth indicators of oocyte maturation and fertilisability, as
well as follicle granulosa cell viabil(tjeidari et al. 2012¥ollicular growth to antral stagéHeidari

et al. 2012; Spears, De Bruin & Gosden 19@fl)cular integrity(Buccione et al. 1987; Eppig 1977,
1979) and the production of steroid hormones; estrogen (E2) and progesteron€(Bdavrindt, R,

Smitz, J & Van Steirteghem, AC 1996; Heidari et al. 2Blb&)ever, the application of 2D follicle
culture systems to thén vitro maturation of follicles and oocytes has been criticized becahneg t

do not maintain follicular integrity throughout the culture period, a@@€gend to grow out through

the follicle basal lamina within four days of culty@ortvrindt, R, Smitz, J & Van Steirteghem, AC
1996) Moreover, 2D culture systems do not model ihevivo3D environment in which follicles are
enclosed by the extracellular matrix of the ovdBdmondson et al. 2014)-ollicular integrity is
essential for follicle and oocyte maturation becaSEscommunicate constantly with each other

and the amcyte through gap junctionfBuccione et al. 1987; Desai et al. 2010; Eppig 1977, 1979)
When follicles are cultured in 2D systems, stress on the intercellular gap junctions causes a
significant reduction in oocytgrowth, extrusion of oocytes, loss of spherical struct{(@ertvrindt,

R, Smitz, J & Van Steirteghem, A 1996; Cortvrindt, R, Smitz, J & Van Steirteghem, AC 1996; Desai et
al. 2010; Eppig & O'Brien 1996; Eppig &&etler 1989)and flattening of the follicleéGomes et al.

1999) Although follicles cultured in 2D systems grow and can exhibit 2.1 tfoll3ncreases in
diameter (Eppig & O'Brien 1996; Eppig & Schroeder 1988ly 62% of the oocytes undergo GVB
(O'Brien, Pendola & Eppig 20G8)d the oocyte diameters tend to be significantly smaller after 10
days in culture taAn those of freshly isolated oocytes from follicles of comparable (Bppig&
O'Brien 1996; Eppig & Schroeder 1986yvas argued that the enzymatic disaggregation of ovarian
tissue to collect follicles damaged the basal laminae of the isolated follicles and that this
compromised follicular integritfDesai et al. 201@ontributed to the detachment o6Cdrom each

other and the oocytéCortvrindt, R, Smitz, J & Van Steirteghem, AC 1&86)mpaired maturation.
However, when follies were collected mechanically from the ovaries without enzymes, cultured in

a 2D system for 6 days and the viability assessed usindoea@ stain, the follicular viability was
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only 8%(Gook et al. 2013)n some studies, follicles were said to be viable if the follicle retained a

3D spherical structurand GCsnclosed the oocytéHeidari et al. 2012)ut in situ studies indicated

that about 20% to 40% d&Csin a follice can be norviable, irrespective of speciégerts et al.

2008; Campos et al. 2011; Kreeger et al. 2006; Li et al. 2016; Lunardi et al. 2012; Lundy et al. 1999;
Merdassi et al. 20119nd in isolated morphologicglintact, spherical follicles 10% GCsvere not

viable when measured by staining the whole follicle with {ead stainfSantos et al. 200@®r by

Trypan Blue stainin@Santos et al. 2008) ogether, these studies indicate that 2D culture systems

are not optimal for follicular and oocyte maturation.

Three dimensional (30ip vitro culture matrices have been developed to overcome the limitations
of 2D culture systemsn vivq the distinct cellular compartments of ovarian follicles; theca cells,
basal laminaeiGCsand the cumulus oocyte complex (C@Rgsai et al. 2010pre embedded in an
extracellular matrix consisting of collagen, fibrinogen and hyaluroniqd&athes et al. 1999; Irving
Rodgers et al. 201®odgers et al. 1998; Rodgers, IrviRgdgers & Russell 2003; van Wezel, Ingrid

L & Rodgers, Raymond J 199R)e follicles are in turn embedded in the extracellular matrix of the
ovary which consists of collagen, proteoglycans, and tenas¢8al@ni et al. 2007; Salvetti et al.
2003) There are two broad types of 3D matrices; alginatd atrigel. Alginate matrices are
RSNAGSR TNRY | ¥l § yIdzNR y @ 2ngilidiieRLid tiyaRorrms gel by ionic
crosslinking of the guluronic residue. Higher concentrations of alginate (0.25%) however reduced
the growth and maturatia of follicles and oocyteg®arrish et al. 2011; Xu et al. 2011; Xu et al. 2006)
but incorporation of components of extra cellular matrix such as collagen | and 1V, fibronectin and
laminin into alginate increasedteroid hormone (P4 and E2) production by follicles, probably
because it promoted the adhesion GICg0 each other and the oocyt@reeger et al. 2006; Kreeger

et al. 2005; Kreeger, Woodruff & Shea 2003prinalginate based matrix is responsive to follicle
growth because proteases present in the matrix are activated by follicular cells during growth
(Shikanov et al. 2011Matrigel is an extract from tumor cells and consists of collagen IV, fibronectin,
laminin, entactin, sulfate proteoglycans, heparins and growth fagtokdem & Oktay 2007ab.iquid
Matrigel forms a gel at or above ZDand hence when cultured at &7, supports follicular growth

and integrity (Oktem & Oktay 2007aMatrigel however, does not allow expansion or growth of
follicles over timg(Desai et al. 2010)Another problen associated with alginate and Matrigel 3D
matrices is the need to use enzymes to retrieve follicles when the culture is fin{Ele=ai et al.
2010; Kreeger et al. 2006; Shikanov et al. 2011)
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Threedimensionalculture systems must allow gas exchange and diffusion of nutrients, and this
permeation is affected by the porosity of the matrix. 3D culture matrices must be not toxic to the
growing cells and ideally should also allow sustainable growth for the duratitwe clulture period
(Desai et al 2010) by supporting the growth of follicles in all directions and by holding the cellular
and noncellular compartments close together within a spherical struct(@®mes et al. 1999)
Another factor affectingn vitro follicle culture is the caulture of groups of follicles together,
because this has been reported to promote oocyte development and follicular growth irrespective
of other aspects of the culture systef@omes et al. 1999; Spears, De Bruin & Gosden p@86)bly

because follicles can communicate with each other, as inrtlvévosituation.

Human follicles are collected from various patient cohorts, primarilycitiure and produce
fertilizable oocytes that can be submitted to established clinical IVF protocols which will enable
infertile couples to have children. Regulatory agencies do not permit human cells that will be
implanted or transferred into patients tbe exposed to animalerived productgLee, Cuddihy &
Kotov 2008) Many advances have been made to optimizeitro culture systems fofollicles, but

at the time of writing no method has been unequivocally proven to be effective for consistent
follicular developmenin vitro. The animaterived Matrigel culture system holds promise but needs
modification to allow nordestructive isolatiorof the follicle from the gel, and further data are
required to determine if the fibriralginate interpenetrating network (FAN) follicle culture system

supports correct morphological development.

Healthy premenopausal human ovarian tissue is scarcg,few human follicles are available for
research and development. Therefore, the objective of this study was to evaluatk, 8Fvel 3D
culture matrix, in terms of its ability to support murine 3D follicular growth, and to determine if the
new culture natrix is worth further study using human follicles in the future. -3Fi$ a
thermosensitive synthetic matrix that is fully defined and has no components derived from animals,
hence it has potential for clinical application for ovarian follicles, andfalsthe culture of other

3D mammalian structureis vitro. The SFX matrix is in saition status below 33C and gels above

this temperature. This property suggested it might be easier to encapsulate and retrieve follicles
from SFXL than from Matrigel. Othe other hand, SFX does not contain proteins, growth factors

or structural components whereas Matrigel does, and this led to the hypothesis that follicles
cultured in DMEM/F12 with 10% FCS in a 2D system would flatten, lose their spherical strudture an
fail to produce hormones, whereas follicles cultured in-Sfth DMEM/F12 and 10% FCS would

retain their spherical structure and synthesize hormones, and follicles cultured in Matrigel with
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DMEM/F12 and 10% FCS would have the best morphology and higitesone production. Since
this is the first study to examine follicle culture in SIEX was important to determine if the new
matrix was immediately and acutely cytotoxic, therefore the study aims were to quantify murine
follicle cell viability, folGular growth, morphological integrity (maintenance of 3D spherical

structure), and hormone production in a short-8ur culturein vitro.

5.2.2 Materials and Methods

All reagentsvere from Sigma Aldrich (Australia) unless otherwise stated.

5.2.2.1 Synthsis of SFA

The SFA matrix was synthesized by free radical emulsion polymerization as reported previously
(Cui et al. 2016)Before the polymerization, the monomer-ISopropylacrylamide (NIPAM) was
recrystallized in fhexane and dried in vacuum at room temperature, and acrylic a&#) (vas
purified by vacuum distillation. For the SEXynthesis, 9.9 mmol NIPAM, 0.1 mmol AA, 0.2 mmol

b ¥ -methylenebis (acrylamide) and 0.12 mmol of sodium dodecyl sulphate were added in 97 mL
of water. The solution was bubbled with nitrogen for 30 m#&0 mL of potassium persulphate
aqueous solution (0.1 mmol) was then injected into the degassing solution itiatenthe
polymerization at 7€C. After polymerization for Bourswith continuous supply of nitrogen and
stirring, the temperature was redudego the ambient temperature. The ggepared products were
purified by membrane dialysis with a eoff molecular weight of 1224 kDa against Mill) water

for one week with a daily water change.

5.2.2.2 Preparation of Reagents

Dulbecco's Modified EagleMedium with Hams F12 was supplemented with 1% insulin (5ug/mL),
OGN} YAFSNNAY O0pdzZ3kY[ 0O FYR &aStSyadzy opy3akY[ I WL
units/mL) and streptomycin (10 mg/mL) and hereafter referred to as DMEM/F12. For use in all
three-culture systems heat inactivated foetal calf serum (FCS, DKSH, Melbourne, AUS) was added to

DMEM/F12 to 10% vlv.

SFXL (50mg/mL) was diluted to 30 mg/mL with 40% v/v DMEM/F12 and 10% FCS on the day before
each experiment. Matrigel (8.61 mg/mL) wakited 1:1 with DMEM/F12 and 10% FCS immediately
before encapsulating follicles. Ligead combined stain containing 10 uM Calcein AM and 20 uM
Ethidium Homodimed (Invitrogen, Paisley, UK) was prepared in 1X phosphate buffered saline
(PBS). Collagenasé (12 mg/mL, 295 units/mg, Worthington, New Jersey, USA) was prepared in

DMEM/F12 and hyaluronidase (0.025%, 1228 units/mg, Lakewood, NJ) was prepared in 1X PBS.
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5.2.2.3 Mouse Ovary Collection

Mature adult female mice (C57 BL, 10.7+1 weeks, n=8) werd kijlecervical dislocation andeh
isolated ovaries placed iB7°CDMEM/F12 and transported to the laboratory 37°C These mice

were excess to the needs of the breeding colony and allocated to routine cull. They were euthanized
by College of Medicine anghfacility staff, and the use of their ovaries for this research project was

approved by the Animal Welfare Committee at Flinders University, Adelaide, South Australia.

5.2.2.4 Follicle Isolation from Ovaries

Whole ovaries were dissected free of ovidydaslipose tissue, and extraneous tissue, cut in half,
and disaggregated using 0.5 mL collagenase IV (2mg/mL in DMEM/F12) for 30 milite&3nath

1 min agitation after every 10 minutes, then mechanically disaggregated witha@8e syringe
needles for 5minutes. All released follicles were collected and transferred to avélb plate
containing DMEM/F12 with 10% FCS.

5.2.2.5 Follicle Size Classification

Follicle diameters were initially estimated using a scale graticule in the lens eye piece of ingjssec
microscope at 3X magnification. Follicles were separated into pools of primordial, primary, early
secondary, late secondary or antral follicles according to the size ranges describgtfibyJeanine

et al. (2006)and Young and McNeilly (2010Jhe follicles were collected from two mice on four
separate occasions (n=4 experimental replicates). All the secondary follicles from two mice were
combined irto one pool of follicles and examined using a dissection microscope to identify follicles
with excellent morphology (see below for scoring system). These were then randomly distributed
to culture in SFA, Matrigel or DMEM/F12, such that at the beginnirfgcolture, all follicles had

high M1 or M2 scores for morphology and spherical integrity.

5.2.2.6 Follicle Culture

20 pL of Matrigel or SFXor DMEM/F12 with 10% FCS were added to a 96 well plate and incubated
at 37°Cin a humidified incubator for 5 minas. Groups of three secondary follicles were added to
eachwell andoverlain with 30 pL of Matrigel or SEXr DMEM/F12. These were incubated#&fC

for another 510 minutes, to ensure that follicles were encapsulated within each matrix. The solid
hydrogels (each well containing three follicles) were then overlain with 100 uL DMEM/F12 with 10%
FCS, and the follicles cultured for 48h3gfCwith 5% C@ The SFX gel contained 40% and the
Matrigel contained 50% DMEM/F12 with 10% FCS, whereas the foltidles 2D culture system
were surrounded by 100% DMEM/F12 with FCS. Each of the three culture systems (Matrigel, SFX
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and DMEM/F12) were examined in 6 replicate wells, so a total of 18 follicles were used to examine
each culture condition within each dfexperimental replicates. Follicles were photographed using
an inverted microscope immediately after encapsulation and before culture. After 48 hoBirSGt
media were collected, and the follicles were left at room temperature for ten minutes to alew t
matrices to cool and become liquid gel. This allowed the follicles to be retrieved without enzymes
and washed with PBS. Nine follicles from 3 replicate wells were subjected t®éack staining
whereas follicles from the other three replicate wells wedisaggregated (see below) and the

isolatedGCsassessed using a Trypan Blue exclusion assay.

5.2.2.7 LiveDead Staining

Follicles (n=27) in each replicate experiment (n=4) were washed with PBS then stained with 150 pL
LiveDead combined stain &7°Cfor 45 minutes. The follicles were washed with PBS before fixation

in 150 pL of 4% paraformaldehyde (PFA) for 40 minutes in the dark at room temperature. Fhe Live
Dead stained whole follicles were placed onto a delysine coated glass microscope slidehabt

uL buffered glycerol and a cover slip.

Images of Liv®ead stained whole follicles were captured using a fluorescence microsBagét(

field BX50, Olympus) at 20x magnification using MMianager (v1.4.13) image capture software.
The fluorescence rarophotographs were analysed using Image J (1.49v), and the diameters of each
follicle were determined by drawing a straight line across the follicle three times then calculating

the average.

After subtracting norspecific background fluorescence, the girale image was used to identify

all Livestained, or Deastained areas. Overlapping stained areas were subdivided by applying an
LYIF3S W LX daAAY LINRINIY W2 §SNEKSRQ® ! Wt NIiAO
the number of separatstained areas. These were outlined to check against the original image, and

the estimated numbers were recorded for each follicle.

5.2.2.8 Follicle Disaggregation and Trypan Blue Exclusion Assay

Follicles (n=27) in each replicate experiment (n=4) wesagtjregated in collagenase IV for 30
minutes before treatment in hyaluronidase for another 30 minutes. Gi@sharvested from each

group of 3 disaggregated follicles were resuspended in 20 uL DMEM/F12, then 20 uL Trypan Blue
was added to these cell suspémss. 10 pL was loaded onto a haemocytometer, and the live and

dead cells in 9 large squares were counted. The meantSD numbers of viable dé@sadre
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expressed per follicle, and the numbers of viable cells were expressed as percentage of the total

number of GCdrom one follicle.

5.2.2.9 Follicle Growth and Morphology
After 48h culture, only the diameters of the Liloead stained follicles were measured because

follicles from the other three technical replicates were disaggregated andtBavere assesed

using Trypan Blue. The morphology of each-Dead stained follicle was classified as being intact
(M1, the follicle appeared completely enclosed by the basal lamina), or largely intact but of lower
morphological integrity (M2, the basal lamina appegirregular or broken in places, but without
any loss or displacement of GC), or slightly (M3) or completely disrupted [M#hans et al. 2006;
Young et al. 2017)

5.2.2.10 Progesterone Measurement

In each experiment and for each culture condition (&FX Matrigel or DMEM/F12), conditioned

media were collected from two replicate wells, eaotntaining three follicles, after 48 hours of
culture. The conditioned medium from each culture well was examined in one well of a competitive
enzymelinked immunoassay (EIA, Cayman Chemical ELISA, Ann Arbor, MI, USA), and duplicate wells
were used to mease progesterone production. A mouse monoclonal aabbit IgG, and an
acetylcholinesterase progesterone tracer were used for the progesterone EIA. The manufacturer
reported a detection limit of 10pg/mL, an intassay coefficient of variation ¢&) of 75%, and an
inter-assay 6V of 2.9% for this assay. For this study, the progesterone standard was diluted in
DMEM/F12 with 10% FCS to give concentrations that ranged from 7.18 to 1000 pg/mL.

5.2.2.11 Estradiol Measurement
In each experiment, and for eaclilture condition, conditioned media were collected from two

replicate wells (each containing 3 follicles) after 48 hours of culture and examined in a competitive
EIA (Cayman Chemical ELISA, Ann Arbor, MI, USA) that used a mouabb#ntgG, and an
acetylcholinesterase estradiol tracer. The manufacturer reported a detection limit of 15 pg/mL, and
an intraassay coefficient of variation@&) of 7.8 to 18.8% for this assay. For this study, the estradiol
standard was diluted in the DMEM/F12 with 10% FC@wue concentrations that ranged from 6.6

to 4000 pg/mL.

5.2.2.12 AntiMullerian Hormone (AMH) Enzyme Immunoassay
As described above, conditioned media from two replicate wells (each containing 3 follicles) were

collected after 48 hours of culture. Conidiled media samples were examined in a tstep
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sandwich type EIA (Immunotech, Marseille Cedex, France) that used aANMidtimonoclonal
antibody for capturing AMH, and biotinylated monoclonal antibody together with streptavidin
peroxidase for detecting hond AMH in the wells. The manufacturer reported a detection limit of 1
pg/mL, an intraassay coefficient of variation §&) of 12%, and an inteassay GV of 14.2%. For this
study, the AMH standards were diluted in DMEM/F12 with 10% FCS to give conoastiiiat
ranged from O to 150 pM.

5.2.3 Statistical Analysis

The meanzSD values of four experimental replicate (n=4) were determined for each culture
condition and experimental output (follicle diameter, granulosa cell viability, P4, E2 or AMH
concentraton). Follicle diameters were subjected to ead- € ! b h ! gAUK ¢dl S
Comparison test, whereas the numbers of live and dé&$wvere subjected to a twavay ANOVA

with Bonferroni posttest. Statistical analyses were carried out using GraphPad Rughstatistical

significance was assigned at p<0.05.

5.2.4 Results

5.2.4.1 Follicle Growth

The initial diameter of the subset of secondary follicles that were allocated te[lgad staining
was the same as the entire cohort of secondary folli€lesble5.1), and there was no difference
between the follicles that were randomly allocated to each of the three culture conditionsl(SFX
Matrigel or DMEM/F12) at the beginning of the experim¢hable 5.1) There was a significant
increase (p<0.05) in folleldiameter in all three matrices after 4&ur culture, but no difference
between the three culture conditions; the SEXnatrix supported follicle growth to the same extent

as Matrigel.

176



Table 5.1: Folliclegrowth after 48hin vitro.

Murine secondary follicles (n=216) were cultured in groups of three for 48h-ih $faxrigel or

DMEM/F12. Half the follicles were assessed usingéas stain. Photomicrographs of follicles
were taken before and after culture, and the imageed to determine diameter. The mean+SD
diameter of follicles in 4 replicate experiments shown (n=4), and the data assessed-\gyone
l'bh+x! gAGK ¢dz]l SeQa adzZ GALX S /2YLI NRazy GSado

Initial Diameter

(um) of Follicles "nal Diameter

Initial Follicle (um) of Live Percent
Culture system . allocated to ) :
Diameter (um) . Dead stained increase (%)
LiveDead .
. follicles
staining
SFX1 (3D) 144+20 153+28 201+38 * 43+30
Matrigel (3D) 152+8 152+5 213+42 * 40+29
DMEM/F12 (2D) 148+6 145+6 205+22 * 41+18

5.2.4.2 Fdlicle Morphology

Green Livestaining was localised to the cytoplasm@C€s although in some follicles the staining
was more punctatéFigure 5.1Athan in othergFigure 5.1 BDiffusive Livestaining was seen in the
vicinity of the oocyte. Red Deadaining was localised to the nuclei GICqFigure 5.1 Gnd to the

large nucleus of the oocyte in highly disrupted follicles with low M4 morphology s¢bigsre
5.1D) Fewer than half the follicles were retrieved from the wells (SFX 44%, Matrigel 41%,
DMEM/F12 25% retrieved) because in many case&i@iattached to the floor or wall of the culture

wells and formed a monolayer, and the oocytes were not enclosea®gFigure 5.1E)

All the follicles (n=36 in each matrix) had an intact spherical morgiyoMhich was scored as being
M1 or M2 at the commencement of culture. The highest numbers of follicles were retrieved (and
LiveDead stained) from SFIXafter 48h culture (n=16 follicles), a similar number (n=15) were
retrieved after culture in Matrigel, Wt only nine follicles were retrieved after 48h culture in the 2D
DMEM/F12 system. The follicles that could not be retrieved from the culture wells did not have an
intact spherical structure and were more disrupted than the follicles given M4 s@éigase 5.1 F)
hence the highest number of follicles with poor, nspherical morphology resulted from culture in
DMEM/F12.
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Matrigel maintained an intact spherical M1 or MjPaded morphology in 47% of the follicles that
could be retrievedHRigure 5.2), the 2D DMEM/F12 culture system did not support the maintenance
of any follicles with M1 scores, although 44% of the low number of follicles that were retrieved had
M2 scores, and in SAXonly 12.5% of retrieved folles maintained M1 or M2 morphological scores.
There were however significantly higher numbers of follicles with M3 scores (p<0.01) IntisdX

those with M1 or M2 scores.

Monolayer
of attached
granulosa

cells

Figure 5.1: Effect ofculture onfollicle viability and morphology.

Intact spherical murine secondary follicles with high morphological quality scores of M1 and M2
were cultured for 48h in 3D or 2D matrices, retrieved andDeas stained. A) An M2 Lig&ained
follicle cultured in Matrigel. B) M3 Ligtained follicle cultured in SAX C) M3 Deadtained follicle
cultured in SFX. D) Disrupted M4 Deagtained follicle cultured in DMEM/F12. E) Disrupted follicle
with extruded oocyte in a culture well that could not be retrieved norDesd stained.
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FHgure 5.2: Effect ofculture onfollicle morphology.

Intact spherical murine secondary follicles with high morphological quality scores of M1 and M2
were cultured for 48h in 3D SEXn=36) or Matrigel (n=36), or in 2D DMEMZIKf“=36). The follicles
were retrieved, Liv®ead stained and given scores for spherical integrity and morphological quality.
M1 and M2 no loss dBCs M3 <10% loss d&&Cs M4 highly disrupted with >10% loss@E€s The
experiment was repeated on four septe occasions (n=4, 9 follicles per matrix per experiment) and
Mean + StDev number of follicles in each morphological category show.d&faXsubjected to-1

Way ANOVA with Tukey petsist, ** p<0.01 compared to M1 & M2.

5.2.4.3 Follicular Cell Viabiyi

Although follicles were washed free of Matrigel, it was not possible to produce a single cell
suspension that could be assessed in a Trypan Blue Exclusion assay. The numbers of cells in follicles
grown in 3D SFX were not significantly higher than iolficles grown in 2D DMEM/F12 cell culture
medium Figure 53 A) when assessed by Trypan Blue, and the percentage of viable cells was similar;
64+8 and 6919 in SFXand DMEM/F12 respectively. Intact l-Dead staned fdlicles were assessed
using anmageanalysis protocol, which generated data suggesting that these follicles contained
more GCqaverage 486+4%Figure 53 B) than the disaggregated follicles assessed pgarr Blue
(average 279+10&igure 53 A). The percentages of viable cells in intact-Dead stained follicles
were similar after culture in the three matrices; 8£10% in-$F20+6% in Matrigel and 14+13% in
DMEM/F12 Figure 53 B).
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Figure 5.3: Effect of 48Hfollicle culture on cell viability.

Groups of three murine secondary follicles per well were cultured ih, $f2€rigel or in DMEI/F12
medium. After 48h in vitro, follicles were A) disaggregated to produce a single cell suspension which
was assessed using a Trypan Blue Exclusion assay to identify live and dead cells »dagLive
stained and Image Analysis used to quantify the bemof areas of staining. Live cells were
expressed as a percentage of total cells per follicle. The experiment was repeated on four separate
occasions (n=4) and Mean = StDev number per follicle shown.

5.2.4.4 Follicle Hormone Production
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After a 48h cultue period, follicles cultured in SEX Matrigel and DMEM did not produce any
detectable AMH Table 5.2). Follicles cultured in SAXand Matrigel produced progesterone, and

only follicles that were cultured in Magel produced estrogen.

Table 5.2: Hormone produced by follicles after 48 hours culture.

Groups of three follicles were cultured in SFKilatrigel or DMEM/F12 for 48h. Conditioned media
were collected, and anthullerian ho 2y S 6! al 0 SaiNI} RA2f wmT]
produced by groups of 3 follicles were measured in duplicate by enzyme irasamo The
meanxSD pg/mL (n=4) shown. ND: not detectable.

Hormone SFX1 Matrigel DMEM/F12
AMH ND ND ND
E2 ND 17.8+9 ND
P4 478+285 506+210 ND

5.2.5 Discussion

Mouse ovarian follicles were cultured in a novel, fully defined 3D synthetic gel system for the first
time and compared with follicles grown in Matrigel or DMEM/F12 for a short 48h period. Although
the only nutrientsin the SFXL 3D gel system derived from the medium (DMEM/F12 with 10% FCS
and 1% ITS), the diameters and morphological integrity of follicles grown ki 8keXe not
significantly lower than those grown in Matrigel and were clearly superior to those gmwn
DMEM/F12 with 10% FCS. All three culture systems supportedtenorigrowth as indicated by
increases in follicle diameters, but the morphological integrity scores were highest in Matrigel, as
expected. This was probably because Matrigel is a bizdtigiactive matrix that contains collagen,
laminin and sulfate proteoglycangRodgers et al. 1998k well as other growth factors such as EGF,
FGF, IGE, PDGF and T&HOktem & Oktay 2007aand these facilitated adhesion GfCg0o each

other and the oayte (Kreeger et al. 2006Nevertheless, it was clear that 3D structural support in
the presence of minimal nugnts, as characterized by the SEXulture system, was sufficient to
support follicle growth and maintain a spherical structure. In addition to this, the highest numbers
of follicles were retrieved from SFX Although more than half of the encapsulatidlicles in the

3D systems could not be retrieved, a problem noted by others who used 3D matrices containing
collagen (Desai et al. 2010; Telfer 1996; Torrance, Telfer & Gosden ,1883)ture studies
componentsof the ovarian ECNIGomes et al. 1999; Irvifdgodgers et al. 2010; Rodgers et al. 1998;

Rodgers, IrvingRodgers & Russell 2003; van Wezel, Ingrid L & Rodgers, Raymond thdp &)
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incorporated into SFX in a graual process designed to identify the combination that maximizes

follicle growth and retrieval.

The total numbers ofzGCsestimated by Livead staining were higher than those estimated by
Trypan Blue. This discrepancy was probably a consequence ofeteeo@eneous Livstaining
localization which confounded our automated Image Analysis protocol; many areas-stdiniag
were smaller than the area of a granulosa cell, and hence the total numi@€Cah Livestained
follicles appeared higher than thabtained using the Trypan Blue exclusion assay. Nevertheless,
both protocols yielded values similar to those in published reports-A@WDGCsper secondary
follicle (Griffin, Jeanine et al. 2006; Lintekfoore & Moore 1979; Pedersen & Peters 1968)

There were concerns that the enzyme disaggregation of follicles, and the centrifugation force
applied to retrieve the disaggregatgaCs might have reduced viability before assessment in the
Trypan Blue exclusion ass(Li et al. 2016; Lunardi et al. 2012; Orimoto et al. 2008; Rodgers et al.
1998; Stojkovic et al. 2001put the proportions of viabl&Cswere lower when quantified using
LiveDead stain (~15%) than when usimgpgn Blue (~65%). The Liead stain identification of
viable cells is based on activity of cytoplasmic esterase enzyme and conversion of Calcein AM to
fluorescent Calcein. Howeven vitro follicle culture at atmospheric oxygen levels and 5% €O
as®ciated with increased production of Reactive Oxygen Species which in turn reduce the activity
of cytoplasmic esteras@evine, Perreault & Luderer 2012; Filatov, Khramova & Semenova 2015;
Gook et al. 2013; Xian at. 2013) Trypan Blue measures cell membrane integrity while-Disad

stain measures enzyme activity, and the different mechanisms of action may account for the
differences in viable cell quantification found in this study. Irrespective of the methed tes
guantify viable cells, fewer than half of the cells appeared to be viable in each follicle aftar 48h
vitro, whereas in situ studies reported that 80% G avere viable(Aerts et al. 2008; Campos et al.
2011; Kreeger et al. 2006; Lundy et al. 1999; Merdassi et al. 2@M@s surprising that Matrigel

did not maintain significantly higher viable cell numbers than either of the other two culture
systems. Altogether our results suggest that the isolatiofolicles from ovarian tissue, followed

by a 48h culture at atmospheric oxygen levels and 5%itC@ny system, reduced the viability of
follicular GCsIn future, modified SFX will be used in conjunction with other factors that promote
follicle growthin vitro, such as the partial pressures of oxygen and (GQ0Dok et al. 2013; Heise et

al. 2009; Silva et al. 2010; Xu et al. 2011)
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Hormones produced b§Csare an important indicator of follicle viability and maation. Matrigel
supported the production of both estrogen and progesterone but none of the culture systems
supported AMH production, even though it has been reported that secondary follicles express the
gene for AMHBaarends et al. 1995; Pask et al. 2004; Webber et al. 2003; Weenen et al..2004a)
is possible than the relatively low levels of granulosa cell viability, and impairegetell

communication(Desaet al. 2010) may have prevented AMH synthesis and secretion.

Our hypothesis was supported; Matrigel supported the growth of high quality morphologically intact
follicles that produced steroid hormones, but the retrieval of follicles from Matrigel avifisult.
Follicles cultured in DMEM/F12 with 10% FCS in a 2D system lost their spherical structure and failed
to produce hormones, in contrast to follicles also cultured in DMEM/F12 and 10% FCS but with the
addition of SFX, which retained their spherat structure and synthesized the steroid hormone

progesterone. Importantly, SFXwas not acutely cytotoxic to follicular cells during 48kitro.

We conclude that SFXis a promising synthetic 3D culture matrix that was not cytotoxic and
supported folicle growth, in the absence of any anirtlrived structural components or growth
factors, apart from those in 10% FCS. This study supports further developmentbff@FeXinical
application to than vitromaturation of follicles, and we recommend twe studies in which defined
extracellular components and recombinant growth factors are added tol1S#eX the extended
culture of follicles. Although SHXis a promising 3D culture matrix, it did not support follicle
integrity. Also, follicular granulascell viability was low in Matrigel and SFX but Matrigel had higher
number of total GC and higher viability. Most importantly, Matrigel supported the synthesis of both
estrogen and progesterone. Therefore, for the effect of chemotherapeutics on fatligleo study,

we decided to use Matrigel for culturing follicle.
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6. CHAPTER SBEFECT WHEMOTHERAPEUTICS ARNMMA
TOCOPHEROL ONJRINEOVARIANFOLLICLEQJLTURED IMATRIGEL

Some replication of content (introduction and background) follows beeahesis section 2.6 has
been submitted as a manuscript for publication. The datasets presented in section 2.6 are distinc

and different from previous datasets.

6.1 Introduction

Breast cancer is the most commonly diagnosed cancer in women with 1.hrdilignoses globally
(DeSantis et al. 2016; Tao et al. 2016)the United States of America, 246,660 new cases of breast
cancer were diagnosed in women in 2q88egel, Miller & Jemal 201&)d according to the National
Breast Cancer FoundatidiNBCF 2018)ne in 8 women in Australia are diagnosed with breast
cancer. There were 17,586 breast cancer patients in Australia in (20H¥W 2017)of whom 37%
were 15 to 54 years of age and 5% were ygemthan 40 years of agé&IHW 2017) The five year

surviwal rate for breast cancer is now 80% to 90Rérlay et al. 2015; Morgan et al. 2012)

. NBF&G OFyOSNI LI GASy(Ga | NBI yiNBOa GR2 LM 21 KLIAR-2 YEAZ R
(Ganz etal. 2017; Guo et al. 2011; Nahleh et al. 2016; Shulman et al. 2014; Singh et al. 2017; Swenson
et al. 2003) After infusion of both chemotherapeutics plasma concentrations of doxorubicin were
1.8+0.4uM during the first cycle of chemotherap{Ewenson et al. 2003)Cyclophosphamide
however is metabolized to -Aydroxycyclophosphamide (4OHCYi@)vivg and this hepatic
activationis required for chemotherapeutic effica@@e Jonge, Milly E et al. 2005; Struck et al. 1987;
Teicher, B et al. 1996; Yuksel et al. 20B53ynthetic compoundl-hydroperoxycyclophosphamide
(4HPCYP), undergoes spataneous hydrolysis to-Aydroxycyclophosphamid@OHCY)dn aqueous

solutions such as cell culture media. These two molecules cause similar levels of DNialengss

and cytotoxicity at equimolar concentrations(Ozer et al 1982) and hence 4
hydroperoxycyclophosphamide or its metabolite 4OHCYC have been used to examine the effects of
cyclophosphamidén vitro (Dees et al. 2000; Ozer et al. 1982y in vivo(Teicher, B et al. 1996;

Yuksel et al. 20155truck et al. (1987administered doses of cyclophosphamide (600mg)/mo

different oncology ptents and recorded serum concentrations of 4OHCYC that ranged from 0.02

G2 noémy >3IKY[ AYy GKS HnK LISNA2R | FGSNI I RYAYARKZ
highest 24h after the IV administration of cyclophosphamide (8k1987), approximately.063
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pHg/mL (0.2 M). Hence, when doxorubicin and cyclophosphamide aradministered, than vivo

serum conentrations are likely to be 1.8uM doxorubicin and WM2POHCYC, a ratio of 9:1.

The ceadministration of doxorubicin and cyclophosphamide to Istszancer patients is associated
with a number of acute sideffects(Legha et al. 1982; Morgan et al. 1997; Wallace 2003; Yeh &
Bickford 2009)Doxorubicin inhibits topoisomerase |l activity and causes DNA datrialed breaks
(Kalyanaraman, Perdzeyes & Mason 1980; Swift et al. 2006; Tewey et al. 1984; Thorn et al. 2011;
Xiao et al. 2017)Other mechanisms of action of doxorubicin include the generation of reactive
oxygenspecies (ROS) with subsequent lipid peroxidatian- 6 A &4 SG Ff ® wnnamT D
et al. 2010) and DNA intercalation that prevents DNA replication and syntl{esgha et al. 1982;
Rogalska et al. 2011Doxorubicin has also been associated with cardiotoxicity through the
production of ROS such as hydrogmroxide and superoxide. These stimulated the production of
nitric oxide synthase in myocytes and endothaiells anccaused apoptosis of cardiomyocytes. This
led to cardiomyopathy and the production of hydroxyl and perferryl ions, which altered
mitochondrial respiration and enzyme functions in cardiac céB®odman & Hochstein 1977,

Kalyanaraman et al. 2002; Minotti, Cairo & Monti 1999; Singal & Panagia 1984)

/] @0f 2LIK2aLIKIF YARS A& I te rhetahobtds indlubliggHAOHCIS waiiin thrgeR A
ways; cross linking of DNA though attachment to guanine bases, prevention of RNA transcription
and DNA synthesis and mutations due to nucleotide mispa{Amgold, Barrseaux & Brock 1958;

Bagley, Bostick & DeVita 1973; Boddy & Yule 2000; De Jonge, Milly E et al. 2005; Emadi, Jones &
Brodsky 2009; Peigne & Decanter 2014; Siddik 2002; Sladek 1972; Struck et al. 1987; Teicher, B et
al. 1996; Yuksel et al. 2015; Yule etl®95) The metabolite, acrolein, is responsible for producing
ROS. In addition, oxidative metabolism of cyclophosphamide produces ROS; such as the hydroxyl
radical, hydrogen peroxide, nitric oxide (NO) and superoxide anion. Together these ROS depress
cdlular antioxidantdefencesystems and cause lipid peroxidation, protein oxidation and DNA strand
breaks(Boddy & Yule 2000; Korkmaz, Topal & Oter 2007; Selvakumar et al. 2005; Sevko et al. 2013;
Yule et al. 1995) The active metabolite 4OHCYC is distributed throughout the body as well as to
cancer cell¢Siddik 2002)

Undesirable sideffects of chemotherapy include infertility and premature menopayBen
Aharon et al. 2010a; Desmeules & Devine 2006; Jurisicova et al. 2006; Meirow et al. 1999; Morgan
et al. 2012; Oktem & Oktay 2007c; Perez et al. 1997; Petrillo et al. 2011; Roti et al. 2012; Yucebilgin

et al. 2004; Yuksel et al. 2013h general chewtherapeutics reduce fertility to varying degrees
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depending on the age of the patient, the chemotherapeutics, and the number of administered cycles
(Blumenfeld 2012; Morgan et al. 201Zpirls are born with a fixed number of small primordial
follicles(Anderson & Wallace 2011; Morgan et al. 20¥djer puberty, some primordial follicles are
activated at regular intervals, after which ti&Csproliferate and the follicles grow and support
meiotic maturation of the oocytéKnight & Glister 2006 ProliferatingGCdn secondary and early
antral follicles secrete antlullerian hormone (AMH), which prevents activation of primordial
follicles. It is thought that chemotherapgpduced granulosa cell death nedes AMH production,
which results in the activation of more primordial follicles, which in turn are destroyed in
subsequent rounds of chemotherafnderson & Cameron 2011; Morgan et al. 20 humber

of clinical studies have descritheecreases in serum AMH concentrations and amenorrhea one year
post-chemotherapy(Anderson & Cameron 2011; Peigne & Decanter 20d)the direct effect of

chemotherapeutics on follicula&Cds an energing field of researcfMorgan et al. 2012)

5SLISYRAY3I 2y GKS LI GASYyGQa F3IS3: GN&lnkoYt6g0% oA U
of patients (BenAharon et al. 2010a; Knobf 2006; Lee et al. 20@&)xorubicin caused oocyte
apoptosis, reductions in the size of ovari@enAharon et al.2010b; Grzanka, Domaniewski &
Grzanka 2005; Perez et al. 1997; Roti et al. 2G&d@)ctions in primordial follicle reservéSamiliari

et al. 1993; Marcello et al. 1998hd estrogen synthesis vitro(Xiao et al. 2017Hence doxorubicin

is associated with amenorrhea, infertility and cardiotoxicityimir to doxorubicin,
cyclophosphamide also caused premature ovarian failure subsequent to the depletion of ovarian
follicle reservegAtaya et al. 1990; Detti et al. 2013; Himelst8iraw, Peters & Faber 1978; @Qit&
Oktem 2007, apoptosis oilGCqDesmeules & Devine 2005; Meirow 2000; Oktem & Oktay 2007c;
Perez et al. 1997; Ramahtaya et al. 1988)fibrosis in the ovarian corteMeirow & al. 2007)
damage to oocytegAtaya et al. 1990; Desmeules & Devine 20@8H reduction oprogesterone
(RamahiAtaya et al. 1988)estrogen(Oktem & Oktay 2007ahd AMH synthesi@etti et al. 2013)
KalichPhilosoph et al. (2013)Iso reported that cyclophosphamide upregulated the PI3K pathway
which subsequently initiated recruitment of dormartlfcles and led to burnout of ovarian follicles.
When both doxorubicin and cyclophosphamide were used in combination to treat cancers of various
types, there were significant reductions in primordial follicle counts per square mm of ovarian
sections, anctorresponding reductions in estrogen producti@@ktem & Oktay 2007cPepletion

of ovarian follicle reserves leads to the development of infert{iBjnes 1995; Martin et al. 2005;
Nabholtz 2002; Partridge et al. 2004; Schmidt et al. 2005; Stone et al. 2000; Tham et al. 2007)

However, the assessment of the impact of chemotherapy on ovarian function is mainly based on
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the indirect parametersiech as amenorrhea and hormone lev@&enAharon et al. 2010a; Knobf

2006; Lee et al. 200@nd not on direct observations of ovarian follicles.

Vitamin E refers to eight different molecules synthesized by platpdia, beta, gamma and delta
tocopherol, and the four tocotrienol forms of these molecu{BsigeliusFlohe et al. 2002; Dietrich

et al. 2006; Jiang et al. 2004, Lu, J et al. 2010; Smolarek, AK & Suh, NTheégaje lipophilic
antioxidants which can reduce R@8uced lipid peroxidatiofBrigeliusFlohe et al. 2002; Smolarek,
AK & Suh, N 2011Among all the tocopherols, gamma tocopherol (gToc) is the dominant form in
the human diet(Baumeister et al. 2009; Bieri & Evarts 1974; Lu, J et al. 2GEma and delta
tocopherols reduced the growth of human largell lung carcinoma cell& vivo and in vitro,

whereas alpha tocopherol had no effect on cell viab{lity, J et al. 2010)

In vitro studies have indicated that gToc inhibited néagiic transformation and cancer cell
proliferation (Betti et al. 2006; Cooney et al. 1993; Gysin, Azzi & Visarius, 20@Phad anttumor
activity in animal models of colon and prostate cang@ampbell et al. 2003; Smolarek, AK & Suh, N
2011) Gamma tocopherol dayed the formation of breast cancer tumors in rodent models
(Smolarek, AK & Suh, N 20&hd inhibited the proliferation of human breast and prostate cancer
cellsin vitro (Gysin, Azzi & Visarius 2002; Lee et al. 2009; Smolarek, AK & Suh, NARO1igr
study supported the anticancer activity of gToc because it showed that it increased the levels of pro
apoptotic proteins and inhibited expression of aapoptotic poteinsin vivo(Smolarek, AK & Suh,

N 2011) However, it is not known if gToc has any effect on normal or pritarived cellsn vitro.

In addition to cytotoxic effects, gToc also appears to have protectintioxidant effects; it
decreased lipid hydroperoxides in colon can@@ro et al. 2002)and also had cardioprotective

effects(Baumeister et al. 2009)

The idea to add antioxidant gamma tocopherol to the combinedddxcin and cyclophosphamide
chemotherapeutic regime arose from the realization that, its anticancer effect might augment
doxorubicin and cyclophosphamide while its antioxidant effects might ameliorate adverse side
effects caused by ROS. It is recogniteat ROS might be integral part of the chemotherapeutic
effect, and thatin vitro studies are required to examine the interaction between cytotoxic and
antioxidant activities. Another reason for examining the effect of doxorubicin and
cyclophosphamide wh gToc on the ovary is that steroidogenesis in the ovary is associated
cytochrome P450 generated R@®vivothis is counteracted by intrinsic superoxide dismutase and

catalase, but in situations in which oxidative stress is increased by treatment dciorand
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cyclophosphamide, we propose that the increased generation of ROS may be neutralized by gToc
and so maintain hormone production by the ovarian c@gflanukoglu 2006; Rapoport, Hanukoglu &
Sklan 1994; Rapopt, Sklan & Hanukoglu 1995Hence, if the undesirable sigdfects of
cyclophosphamide and doxorubicin can be reduced bwpdministration of gToc, there may be
scope for the development of modified chemotherapeutic regmeéth fewer adverse effectsro

the ovary.

We therefore hypothesise that the exposure of normal primdeyived, noncancerous murine
ovarian follicles to cyclophosphamide and doxorubicin singly and in combination will cause
granulosa cell death and ROS generation and will reducentimeber of viable cells in a time
dependent manner. Chemotherapeudicduced ROS will additionally inhibit hormone production.
Gamma tocopherol alone will cause a decrease in the number of proliferating follicle cells (because
it kills proliferating cells)but the antioxidant properties of gToc will support steroid hormone
production. The addition of gToc to the two chemotherapeutic agents will inhibit ROS generation
and support hormone synthesis whilst augmenting the -@mtliferative activities of doxoricin

and cyclophosphamide. The aim of this study is to characterize the balance or tipping point between

hormone production and the death of proliferating cells in ovarian follicles.

6.2 Materials and Methods

All chemicals and reagents were obtained frBigmaAldrich unless otherwise stated.

6.2.1 Preparation of Culture Medium and 3D Follicle Culture Matrix

£ LK a2RAFTASR 91 3fSUa aSRAdzY 6ha9av ¢l a &adzal
OpdzZakY[ 0O YR &aSftSyAadzy o6py 3k Y[ qutathe@QomBb), 1IpM 6 02 >
testosterone (University of California, Davis) and 1% penicillin (10,069rah) and streptomycin

(10 mg/mL) and is referred to as complete medium. Ovary disaggregation medium was prepared by
adzLJLX SYSYGAy3a ha9a gAGK M: LISYAOAttAYy odmnInnn
HEPESMatrigel (8.61 mg/mL) was used abheee-dimensional (3D) follicle culture system that was
diluted 1:1 with 2X concentration of test reagents (see below @adle 6.1) in complete media

immediately before encapsulating follicles.
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6.2.2 Preparatio of Test Reagents

Doxorubicin (Dox) (Sigma, Sydney, Australia) aHddyddoperoxycyclophosphamide (active
metabolite of cyclophosphamide, #8YP) (ThermoFisher Scientific, Victoria, Australia) were each
added to sterile water to make stock solutions of 0@ and 1000 uM respectively. These were
stored at £C and-20°C respectivelyHoffman et al. 1979; Ulukaya et al. 200Bymediately before

use they were diluted further to the desired concenimts (see below andlable 61) in complete

media with 100 mIU Follicle Stimulating Hormone (FSH) (Merck Serono Australia Pty Ltd., NSW).
Gammatocopherol (gToc) (Sigma, Sydney, Australia) was dissolved in DM8€p&re a stock
solution of 100@M, and stored at 4C. Immediately before use it was diluted further to the desired
concentrations (see below antlable 6.1) in complete media with 100 mlU FSH, such that the
conceriration of DMSO that cells were exposed to was 0.3% DMSO. There was no significant
difference in cell viability, or estrogen production by cells exposed to 0.3% DMSO when compared

to complete cell culture medium alone.

6.2.3 Determination ofinhibitory Concentrations ofChemotherapeutics and gToc

The human epithelial breast adenocarcinoma cell line MCKTCC®OHFBH n 0 g1 & 2001 Ay
the America Type Culture Collection (ATCC) and maintained in RPMI media, supplemented with 10%
foetal calf serum (FC&hd 1% v/v of 10,000 units/mL penicillin and 10mg/mL streptomycin. Media
were replaced every-3 days and cells were harvested with 0.1% trypsin EDTA solution and sub
cultured when 80% confluent. Cell culture flasks containing cells in exponential grbesle prere

used for all experiments. A 96 well plate was seeded with 20,000 cells per well and incubated for 24
hoursto allow cell adherence condition &7°Cand 5% C& Cells were exposed to incremental
concentrations of test reagents for 24h and ce#lbiiity was examined in a crystal violet assay.
Inhibitory concentrations corresponding to the values that killed 25% (IC25) and 50% (IC50) of the
MCF7 cells were calculated using a nlimear regression analysis generated by GraphPad Prism
(Version 5.00San Diego, California, USA). The experiment was repeated on 3 separate occasions.
Mean IC25 and IC50 values are showab{e 6.1). The selection of doses for examination in this

study were therefore based on tHE25 values obtained from MCF7 breast cancer CedisI¢ 61).

Table 6.1: Inhibitory concentrations against MCF breast cancer cells.

MCF7 cells were allowed 24h for adherence aeasity of 20,000 per well in a 96 well plate before
exposing to test reagents at incremental doses for 24 hou8¥ &with 5% C@ After treatment,

cell viability was examined in a crystal violet assay. Inhibitory concentrations corresponding to the
values that killed 25% (IC25) and 50% (IC50) of the-M¢&&Hs were calculated using a rlomear
regression analysis. Mean+SD of 3 (n=3) experimental replicates presented.
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Test Reagents IC 25 (M)  IC 50 (M)

Doxorubicin (Dox) 1.21 3.63
4 Hydreroxy-Cydophosphamide

(AHFCYC) 21.23 63.69
Gamma Tocopherol (gToc) 35.1 105.3

6.2.4 Mouse Ovary Collection

Mature adult female mice (BalbC, 12+2 weeks, n=12) were killed by cervical dislocation and the
isolated ovaries placed B7°Cdisaggregation medium and tmaported to the laboratory aB7°C

Mice used for this study were excess to the needs of the breeding colony and were therefore
allocated for routine cull. The use of ovaries from cull mice for this study was approved and

registered by the Animal Welfareo@mittee at Flinders University, Adelaide, South Australia.

6.2.5 Follicle Isolation from Ovaries
Ovaries were dissected free of oviducts, adipose tissue and extraneous tissue, and mechanically

disaggregated using Zfauge syringe needles until all indival follicles were isolated. The follicles
were collected and transferred to awell GPS plate (LifeGlobal, Victoria, Australia) containing

complete media.

6.2.6 Follicle Size Classification

The diameter of isolated follicles was initially measuredan®&gnification by using a scale graticule
in the eye piece of a dissection microscope. Only secondary sized fdliciés, Jeanine et al.
2006; Young & McNeilly 201@at were morphologically intact (M1/M2(Dolmans et al. 2006;
Young et al. 201Ayere used for this study. The follicles were collected from three mice (n=3) on

each ocasion and follicle collection was performed on four separate occasions (n=4).

6.2.7In Vitro exposure to chemotherapeutics

For each experimental replicate, morphologically intact (M1 or M2) secondary follicles (n=48) were
cultured in a 3D culture systeasing Matrigel in two 4vell GPS plates, i.e. 6 follicles in each well.
Since the culture medium did not contain any FCS, testosterone was supplied as the substrate for
CYP450 aromatase, to support E2 synthéBmon & Simpson 2012; Pruitt 2016; Strauss 2014)
Folliclean vivoare constantly stimulated to grow by the gonadotrophin follstienulating hormone

(FSH), which was therefore supplied to stimulate granulosa cell proliferation and follicle growth
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(Abel et al. 2000; Babu et al. 2000; Kreeger et al. 2005; Kumar et al. d&893@)so to stimulte
expression of CYP450 aromatdBeutt 2016; Strauss 2014; Strauss, Modi & McAllister 20TAg
chemotherapeutics were soluble in water, but gToc required preparation in the solvent DMSO,
therefore the vehicle control of 0.3% DMSO was added to the experirmabig 62).

Table 6.2: Single or combination test reagents

GPS plate well number

Test reagents
1 2 3 4 5 6 7 8

Testosterone (T) (1puM) K K K K K K K K
FSH 100 miU K K K K K K K
DMSO 0.03% K K K
Doxorubicin (Dox) (1.21 pM) K K K
4 HydroperoxyGyclophosphamide K K K
(4HPCYC) (21.23 pM)

Gamma Tocopherol (gToc) (35.1 pV K K

50uL of Matrigel was added to each bkt4 large well (300uL) and 20uL was added to each of the

4 small wells (100pL) in each GPS plate. Groups of six secondary follicles were loaded to each large
well, but no follicle was added to the small wells. The follicles were thus encapsuldiatrigel
andwere incubated for 5 minutes &7°Cwith 5% Q and 6% Cgin nitrogen to solidify the liquid

matrix into a gel. The matrix containing six follicles in each well was then overlain with 200uL
warmed @7°Q test reagent in mediumT@ble 62), and the follicles were photographed using an
inverted microscope and a warming sta@¥ {Q. These images were later used to calculate the
initial diameter of the follicles and to confirm the morphology of the folliclése follicles were
cultured for a total of 6 days, but &dayintervals 150uL of conditioned media were collected and
replaced with 150uL of fresh media containing the different test reagents and the follicles were

photographed again. This experimenasvrepeated on 4 separate occasions (n=4).

6.2.8 FollicleCell Viability Assay
After 6 days of culture, media were collected, and the follicles were left at room temperature for
ten minutes to allow the Matrigel to form a liquid gel, which facilitatedrieatal of the follicles. The

groups of 6 follicles were disaggregated in 2 mg/mL collagenase IV (295 units/mg, Worthington,
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New Jersey, USA) for 30 minutes before further disaggregation using 0.05% hyaluronidase (1228
units/mg, Lakewood, NJ) for another 80nutes. This formed a single cell suspensioBGfsuitable

for assessment using a Trypan Blue exclusion dgésagluzzana Gonzalez & Young 2018)

6.2.9 Assessment of Follicle Morphology and Growth

Follicle integrity and growth (diameter) was determined using the photomicrographs obtained at
the start of culture and every 2 days. The diameters of the follicles were messising Image J
(1.49v, NIH, USA) to draw straight line through teatre of the follicle three times at different
angles, from the outside edges of the follicles. The average of these three determinations was taken
as the diameter of the follicle. Thearphology of each follicle was classified as intact, M1 (regular
spherical shape with intact basal lamina), M2 (irregular shape of follicle with no loss of GC), M3
(damaged basal lamina with loss of <6%$% and M4 (completely disrupted basal lamina wiblsd

of >5% GQPolmans et al. 2006; Young et al. 2017)

6.2.10 Estradiol Enzyme Immunoass@&iA)

Conditioned media from wells that contained follicles, as well as media from small wells that
contained Matrigel and test reagents but no follicles, were examined in a competitive Estradiol
immunosorbent assay (EIA) (Cayman Chemical ELISA, AnnMibOSA) that uses a mouse anti
rabbit IgG, and an acetylcholinesterase estradiol tracer. The manufacturer reports a detection limit
of 15pg/mL, an intraassay coefficient of variation &) of 7.8 to 18.8%. For this study, the estradiol
standard was dilted in the complete media to give concentrations that ranged from 6.6 to 4000
pg/mL. A separate standard plot was constructed for each experimental replicate (n=4) and the
lowest Rvalue was 0.99. The background contributed by the Matrigel with or wittest reagents

was subtracted from the E2 produced by the follicles. Neither 0.3% DMSO nor the test reagents
interfered with the ELISA.

6.2.11 AMH Enzyme Immunoassay

Conditioned media were examined in a tvomunological step sandwich type EIA (Immunétec
Marseille Cedex, France) that uses an -&MH monoclonal antibody for capturing AMH, and
biotinylated monoclonal antibody together with streptavidieroxidase for detecting bound AMH

in the wells. The manufacturer reports a detection limit of 0.52mig(3.74 pM), an intreassay
coefficient of variation (€V) of 12%, and an intaassay GV of 14.2%. For this study, the AMH
standard was diluted in complete media to give concentrations that ranged from 0 to 166.67 pM. A

separate standard plot was consttied for each experimental replicate (n=4) and the lowest R
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value was 0.99. Neither control nor treated follicles produced detectable levels of AMH. Also,

neither Matrigel nor test reagents interfered with the AMH ELISA. Purified AMH used to construct

standard curves for the ELISA was added to culture media at different concentrations. AMH was
measured accurately in the ELISA; there appeared no degradation of AMH in the culture media.
Also,the conditioned medium from the culture matrix without follicle meeexamined in the same

ELISA and reported no interference.

6.3 Statistical Analysis

The mean and standard deviation was calculated for each experimental parameter, and statistical
analysis was performed using GraphPad Prism software. Trypan blue datawigzeted to twe

ge& !bhx! GgAGK ¢dzl SeéQa YdzZ GALX S O2YLI NRA&A2Y @S
and hormone production were subjected to twaay ANOVA with Bonferroni pekbc test.

Significance was assigned at p<0.05.

6.4 Results

6.4.1 Bllicle morphology

Immediately after isolation, follicles were assessed using a dissection microscope, and only follicles
which appeared to have a regular spherical morphology with an intact basal lamina (i.e. M1 or M2)
were transferred to the GPS plateachencapsulated in Matrigel. Different reagenicable 6.2)

were added to each encapsulated group of 6 follicles and photomicrographs were taken of
individual follicles on day 0 before commencement of culturevds unlikely that any of the test
reagents would have affected the morphology in the3bminutes between encapsulation and
LIK2(023INF LIKeod !'ff GKS RFEFe& n AYIF3ISa ¢gSNBE (GKSNBF
would have been 6 M1 or M2 fadles in each Matrigel plug, but review of the micrographs taken

2y RIF@ n fft26SR | Y2NB |00dzN>X S FaaSaavySyi
experiment, which used 6 follicles in each of 8 different culture conditions and was repeated on 4
separate occasions (a total of 192 follicles) there were (5+0.5) intact good quality M1 or M2 follicles

in each Matrigel plug at time O at the commencement of culture. Testosterone was supplied as a
substrate for E2 synthesis. FSH stimulates granulosaroéifepation and follicle growth, and also
stimulates expression of CYP450arom, the enzyme crucial for E2 synthesis. It was anticipated that
the combination of FSH and testosterone would provide the optimal control conditions for follicle
growth and morphtogy. It was therefore surprising to find that testosterone alone, and the
combination of testosterone with FSH, did not maintain high quality follicle morphokigure 6.
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1 andFigure 62). There appeared to be a célee margin between the outermost layer of mural

GC and the basal lamina. Many follicles exposed to testosterone, and to FSH with testosterone,
appeared to have a regular, unbroken outer layer of Bgufe 61 A) although sometimes this was
disrupted (Figure 6.1B) but not as much nor as frequently as in follicles exposed to doxorubicin
(Figure 6.1 E) or 40Ktyclophosphamid (Figure 61 F). It was also surprising that the addition of
0.3% DMSO to testosterone and FSH, and also the combination of 0.3% DMSO, testosterone and
FSH with gToc, maintained the highest numbers of spheraad guality morphologically intact
follicles Figure 6.1 C & D andrigure 6.2) throughout the 6day culture period. Doxorubicin and
40HCYC each had significantly few¢aah M1 or M2 follicles on day 2 (p<0.0CHigure 6.2).
Addition of gToc did not prevent this structural damage to follicles although there were more M1
and M2 follicles remaining after-@ays exposure to doxorutin with 4OHCYC and gToc (1.5£1.7)
than there were after Z2lays exposure to doxorubicin (0.5+0F6gure 62) and cyclophosphamide

(O, Figure 62) or to 4OHCYC alone.
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Figure 6.1: Folliclemorphology

Groups of 6 follicles were encapsulated and photographed through Matrigel at the commencement
of culture (Day 0) and every 2 days for 6 days using an inverted microscope. Folliclesredrassco
M1l-intact basal lamina with regular spherical morphology, -Mtact basal lamina but irregular
non-spherical shape, Mdisrupted basal lamina with-50% loss o&GCssometimes also appearing
retracted from basal lamina, M4 disrupted basal lamina wit0% loss of GC and sometimes an
extruded oocyte (open arrow head).

Follicles were exposed to A. testosterone (T), B. T + follicle stimulating hormone (FSH), C. T + FSH -
0.3% DMSO, D. T + FSH 3%9.DMSO + gamma tocopherol (gToc), E. T + FSH + DordiD@IX),

F. T + FSH + 4hydroxycyclophosphamide (CYC), G. T + FSH + DOX + CYC, H. T + FSH + DOX +
0.3% DMOS + gToc. FolliclesHhafter 6 days in vitro. Long arre®C retracted inside basal lamina.

Arrow headdisrupted basal lamina. Scale bars|20.

ElDay O E Day 2 B Day 4 E3Day 6

Number of intact M1/M2 Follicles

[Testosterone 1 uM \ A Vv
FSH 100 mIU ) ) \
DMSO 0.3% v v
Doxorubicin ) \ \
40HCYC N \ \Y
gToc v Vv

Figure 6.2: Effect of chemotherapeutics on follicle morphology

Groups of 6 morphologically intact (M1/M2) murine follicles (n=48) were cultured in Matrigel with
test reagents for 6 days. Follicles were photographe@daitrnencement of culture (day 0) and every

2 days thereafter. Follicles were scored asiMact basal lamina with regular spherical morphology,
M2-intact basal lamina but irregular nespherical shape, Md8isrupted basal lamina with-50%

loss ofGCssometimes also appearing retracted from basal lamina, M4 disrupted basal lamina with
>10% loss of GC and sometimes an extruded oocyte. Follicles with M1 and M2 scores were considered
to be intact with good, spherical morphology. The experiment was repeatedunnséparate
occasions (n=4). Data weamalysedusing a tweway ANOVA with Bonferroni pest. Mean+SD

shown. Significant difference from day 0, (a) p<0.05 and (b) p<0.001. Significant difference from
T+FSH+DMSO control at the same exposure * p<0.@s0:001.
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6.4.2 Effect olChemotherapeutics orFollicular Growth

The average initial diameter of all follicles (n=192 on day 0) was 122+18um. The addition of 0.3%
DMSO with testosterone and FSH caused significantly more follicle growth than testoster@ne

FSH alone, from 122+1um on day 0 to 140+£18um orad@x0.01Figure 63), and the addition of

gToc to 0.3% DMSO (with testosterone and FSH) also caused significantly more follicle growth after
6-day exposuréghan FSH with testosterone alone from 112+12um on day O to 143+21 on day 6
(p<0.001). Although doxorubicin with cyclophosphamide affected the morphology of follicles
(Figure 61 andFigure 62) they did not significantly reduce follicle growth during-d&y exposure

in this model Figure 6.3). The combination of gToc, doxorubicin and cyclophosphamide caused a
significant reductn in follicle growth compared to the 0.3% DMSO and gToc control. After 4 days
exposure follicles were 138+18um in diameter, whereas follicles exposed to doxorubicin and
40HCYC with gToc for 2 days were 109+14um in diameter. The chemotherapeutics appeared
prevent the follicle growth promoting effects of 0.3% DMSO and gToc, but gToc neither increased

nor prevented the toxic effects of doxorubicin with 4OHCYC.
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Figure 6.3: Effect of chemotherapeutics on follicle growth

Groupsof 6 follicles were photographed through the Matrigel at the commencement of culture (Day

0) and every 2 days for 6 days using an inverted microscope. Diameters of individual follicles in each
photomicrograph were measured and the mean=SD of all 6 ésllinlthe same well determined.

The diameters on day O were set as 100%, and diameters of the same follicles on subsequent days
expressed as a percentage of the commencing diameters. The experiment was repeated on four
separate occasions (n=4), and the me&38D percent change shown. The diameters (um, not
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percentage) weranalysedusing tweway ANOVA with Bonferroni passt. Significant difference,

* p<0.05, in comparison to day O for the same test reagents. Significant difference from DMSO
control (with SH+T) at the same exposure; (a) p<0.05, (b) p<0.01 and from testosterone with FSH at
GKS alyYS SELRGAENBILF adnmvmLIF yRAPWOWO LF ndnamd

6.4.3 Effect oChemotherapeutics orFollicle Cell Viability

FSH stimulated a significant increase in thaltaumber of cells (p<0.001) and the number of viable
cells (p<0.001) in each follicle but the addition of 0.3% DMSO, chemotherapeutics and gToc
prevented the stimulatory effect of FSH on GC proliferatiéigure 64). After 6day of culture in
testosterone with FSH, the follicles had a diameter of 103+15um and 518ESf which 224 (43%)

were viable. Although the total number of cells was lower (228+93 per follicle) the percentage of
viable cells was highest follicles cultured T+FSH+ 0.3% DMSO (60+9%) and T+FSH+ 0.3% DMSO
with gToc (57+14%) which did not appear to be cytotoxic since viable cell numbers were similar to
0.3% DMSO control. The combination of doxorubicin and -dgtbphosphamide caused a
signifiant reduction (p<0.05) in the number of viable cells compared to gToc. And the addition of
gToc to the combination of doxorubicin and 4©ytlophosphamide increased cell viability and
there was no significant difference between follicles exposed to gTcdeixorubicin and 40H
cyclophosphamide, and the gToc control. The percentage of viable cells after 6 days exposure to
gToc with doxorubicin and 4G¢yclophosphamide was 44+7% as compared to 16+5% in follicles

exposed to doxorubicin with 4Géyclophosphanue.
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Figure 6.4. Effect of chemotherapeutics on granulosa cells (GC)

Morphologically intact (M1/M2) follicles (n=48) from mice (n=3) were cultured in Matrigel with test
reagents for 6 days, then retrieved and disaggregatefotm a single cell suspension suitable for
assessmenby trypan blue assay. The total numbers and viable cell numbers from each group of 6
follicles were divided by the average diameter of the same 6 follicles immediately before
disaggregation, to givehie number of cells per um of diameter. The experiment was repeated on
four separate occasions (n=4). Data waslysedusingoneg | € ! bh %! gAOK ¢dz]l S
comparison test. Mean+SD shown. Significant difference, a v b p<0.05 or *** p<0.001 compared to
all other total and viable cell numbers.

6.4.4 HormoneProduction

Although FSH stimulated cell proliferation, it did not stimulate E2 production in this miéideiré

6. 5), whereas the combination of testostare and FSH with 0.3% DMSO or gToc stimulated
increasing synthesis of E2 in eaclld period Figure 6.5). Similar to morphological damage,
follicles exposed to doxorubicin and 4@itlophosphamide alone did notqruce any E2, although
follicles exposed to the combined chemotherapeutics produced E2 between days 2 and 4 (0.3+x0.5
pg/mL) and produced more E2 between days 4 and 6 (1+0.7) (p>0.05). Addition of gToc to the
doxorubicin and 404yclophosphamide combinatiocaused a significant reduction in E2 synthesis

in comparison to the DMSO and gToc control, but E2 was not significantly lower than in follicles
exposed to doxorubicin with 40¢&yclophosphamide alone. The chemotherapeutics appeared to

prevent the E2 synisis enhancing effect of 0.3% DMSO and gToc. Follicle morphology and integrity
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appeared to affect the estrogen synthesis because E2 synthesis was highest in groups of follicles
with the highest numbers of good quality M1 and M2 follicles and low numbepsaf quality M3

and M4 folliclesKigure 65). None of the follicles synthesised detectable levels of AMH.
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Figure 6.5: Effect of chemotherapeutics on hormone production by fod&l

Mouse secondary follicles (n=48) were encapsulated in Matrigel in groups of 6 and cultured for 6
days. Every 2 days, 150uL of conditioned media were collected and replaced. Conditioned media
were examined in an Estradiol ELISA. The concentration(pffa2.) per um diameter of follicles is

shown. Experiment was repeated on four separate occasions (n=4). Datmalgsedusing twoe

way ANOVA with Bonferroni pest. Significant difference from day 2, ** p<0.01 and *** P<0.001.
Significant difference(@) p<0.01, (b) p<0.001 at same exposure from 0.3% DMSO (with FSH and
testosterone) and (c) significantly lower in comparison to T+FSH, T+FSH+Dox, T+FSH+Cyc ant
T+FSH+Dox+Cyc, p < 0.05 at least.

202



6.5 Discussion

This is the first study to examine the &fts of chemotherapeutics that are commonly used to treat
breast cancer, on murine secondary follicles vitro. Gamma tocopherol was added to the
combination treatment of doxorubicin and 4@tyclophosphamide with the objective of reducing

undesirable sideffects on the ovaries.

Although the highest numbers of cells were retrieved from follicles cultured in testosterone with
FSH, and these follicles also had the highest absolute numbers of viable cells (but not the highest
percentages of viable cells) tingh cell numbers did not give rise to large follicle diameters, nor to
intact follicle morphology, nor to estrogen production. The percentage of viable cells, and the
maintenance of intact M1 and M2 morphology however, were related to follicle growthEghd
synthesigBoon & Simpson 2012; Erickson 1993; Williams & Erickson.20a#t)gel was constant
throughout the experiment and it was surprising that neither testosterone alone nor in combination
with FSH maintaed follicle integrity. Although testosterone is an important precursor for estrogen
synthesis inGCs(Boon & Simpson 2012; Miller & Auchus 2011; Pruitt 2016; Smyth et al. 1993;
Strauss, Modi & McAllister 2014 is also a prooxidant and can induce oxidative st(@galilek,
F1al 1kt 9 YI NI | Pt P Henae, itisnpdssitde 2 htie Rofvér yhorphangical
grade of follicles cultured in testosterone with FSH was a consequence of ROS induced apoptosis
and the associated loss of dead cells (theca@@gfrom the folliclegDevine, Perreault & Luderer
2012) In the normalin vivosituation glutathione, an intrinsic antioxidant, isggent inGCsand
oocytes but when the ROS production exceeds the REDOX capacity of the cell, increased oxidative
stress leads to apoptosis and dama@ederson & Luo 1998; Devine, Perreault & Luderer 2012,
Shan, Aw& Jones 1990) Therefore, it was concluded that follicle damage was caused by
testosterone but not by the FSH. In addition to testosterone, chemotherapeutics
(cyclophosphamide and doxorubicin) have been reported to produce ROS with the capacity to
deplete antioxidant enzyme systems in growing follicle which in turn can cause granulosa cell
apoptosis (Batist et al. 2001; Devine, Perreault & Luderer 2012; Hanukoglu 2006; Rapoport,
Hanukoglu & Sklan 1994; RapoportlaBk& Hanukoglu 1995amma tocopherol or DMSO may
have prevented follicle damage because they are both potent antioxid@rigeliusFlohé et al.

2002; Hanukoglu 2006; Rapoport, Hanukoglu & Sklan 1994; Rap&itah & Hanukoglu 1995;
Smolarek, AK & Suh, N 201DMSO has neutralised hydroxyl ions immediately (withif315zhano
second) after releas@Lee & De Mora 1999; Scaduto Jr 1995; Sunda et al. 2002)posdile that,

gToc did not maintain the follicle integrity when added to doxorubicin and-dggtbphosphamide
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because the chemotherapeutics act in multiple ways to cause granulosa cell apoptosis in a follicle
(Batist etal. 2001; Dees et al. 2000; Gook et al. 2013; Jones et al. 2006; Legha et al. 1982; Morgan
et al. 1997; Morgan et al. 2012; Ozer et al. 198@) gToc could only prevent the GC apoptosis
caused by ROS.

Gamma tocopherol kills proliferating cancer céBstti et al. 2006; Campbell et al. 2003; Cooney et
al. 1993; Gysin, Azzi & Visarius 2002; Smolarek, AK & Suh, NA&Dfer)as we know, this is the first
study to show that gToc does not kill primary derived, mal proliferating cells. the different
activity of gToc to malignant and normal proliferating cells holds promise for the development of

more effective chemotherapeutic regime

A previous study byGook et al. (2013)ndicated that low levels of oxygen supported follicular
growth and follite cell viability and we confirm their findings in this study. The 3D follicle culture
model supported follicle growthinder control conditionsand allowed us to conclude that exposure

to doxorubicin and 4Oiddyclophosphamide may have disrupted the autoeriand paracrine
functions(Cortvrindt, R, Smitz, J & Van Steirteghem, AC 1996; Richings et al. 2006; Wang et al. 2011;

Xiao et al. 20159ssential for GC proliferation and follicle growth

The antioxidants 0.3%NIEO and gToc maintained the morphological integffitylicle growthand
viability of folliclesHoweverthe growth of follicles on day 6 was higher in the gToc exposed follicles

in comparison to follicles exposed to 0.3% DMSO compared to ,daygQestig that gToc ha an
additional effect to 0.3% DMSO in follicle growth. Follicle integrity, viabili®Gsh turn supported
steroidogenesis. The production of estrogen begins in the theca interna when cholesterol is
converted to androstenedione. Androstedione and testosterone are transferred to GC and
converted into estrogerfBoon & Simpson 2012; Miller & Auchus 2011; Pruitt 2016; Smyth et al.
1993; Strauss 2014; Strauss, Modi & McAllister 2#yuption of tle basal membrane and loss of
theca cells may have reduced steroidogenesis and E2 prody@titirams & Erickson 2012)ence,
follicles damaged by exposure to chemotherapeutics sufficieptaaucevisibly obvious low grade

M3 or M4 morphology maglsohavehadimpaired steroidogenesiErickson et al. 1985; Kamada

et al. 1997; Telfer et al. 2008; Williams & Erickson 20b2addition, increased ROS pration by
doxorubicin and 404dyclophosphamide may have interrupted hormone production by the follicles
because of the fact that the activity of CYP450 enzyme system that is responsible for steroidogenesis
is reduced by RO®iemer et al. 2003; Hanukoglu 2006; Rodgers et al. 1995; Sugino 2005; Young et
al. 1994) In vivg AMH is produced by the growing secondary foll{Garrel et al. 2016; Hanna et
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al. 2006; La Marca et &005; Pask et al. 2004; Weenen et al. 2004ajil they reach small antral
stage(Baarends et al. 1995; Hanna et al. 2006; Orisaka et al. 2009; Pask et al. 2004; Weenen et al.
2004a; Zec et al. 2011Also,a previous study indicated that 10,0@BCgetrieved from COC during
IVF produced 18.1ng AMH every 2 dagd thisequates to 1.81pédMHper granulosa ce{Kollmann

et al. 20B). The average diameter of follicles at the commencement of culture was 122+18um
indicatingfollicles wereearly to midsecondarystage In this study, 6 secondary follicles could have
over 1,700GCsof which 40% were dead in the control grqupavingover 1000viable GCs hence

it was expected that theGCsin follicle cultured in control conditions wouldoroduce AMH at
detectable leved (minimum detection levelvas 0.52 ng/mL) but the early secondary follicles in this
study did not.Apparently AMH sythesis by murine follickecannot bepredicted bylVFderived
humanGCsthese data were in agreement with a foutitht primary derived muringsCgdid not
produce any AMH even at 20,000 cells after 2Akaduzzaman, Gonzalez & Young 2@i8ygh
another study reported thatl0,000 primary-derived humanGCsproduced 0.025 to 1.7 ng/mL
(Pellatt et al. 2007)From this it was concluded thahurine and human primargerived GCs
produce AMH at different level$n this study AMHwas not degraded over tim@ollmann et al.
2015) and neither the matrix componerg nor culture mediainterfered with the AMH ELISA
suggesting that follicles do not produce AMHitroto a detectable level. It has been reported that
a 16 week old mouse having 153 growing fl@Bgroduced 28.27ng/mL AMH vivoequivalent to
1.08ng/mL by 6 secondary murine follicles considerinG@Hare viable(Kevenaar et al. 2006put
with 60% viablé&sCsn controlledfollicle, AMH production mightrdy have beer®.54 ng/mL which

is the minimum detection level of the AMH kit. Hence, in this stitdyas concluded thabho AMH

was detected after exposure to test reagents.

This studyfound thatgTocretainedfollicular integrity, growth and viabilitgf GCs but thatit could
not prevent the toxic effects of doxorubicin and cyclophosphamide. Therefore, furthatro and
in vivostudies are required with higher doses of gToc to evaluatpatential to protect ovarian

follicles from the toxic effest caused bgxposure to chemotherapeutics.
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7. CHAPTER SEVEDISCUSSION

Chemotherapy induceprematureovarian failure is a serious consequence for female breast cancer
survivors. Ovarian failure is diagnosed by serum AMH levels, the reduced nummbernoant
primordial follicles or by antral follicle counts, but the underlying cause of these indirect markers of
ovarian insufficiency are not evaluated. These indirect effects however are thought to be a result of
the direct cytotoxic effects of chemoghapeutics on proliferatingsCsof ovarian folliclesGCslay

an important role in follicle development through autocrine and paracrine regulatdroocyte
maturation and through their contribution to hormone synthe@igoon & Simpson 2012; Knight &
Glister 2006; Miller & Auchus 2011; Orisaka et al. 2009; Strauss 2014; Tajima et alT Ri3Q@pject
describes the direct owoxic effects of commonly used breast cancer chemotherapeutics
(doxorubien and cyclopbsphamide: AC) omurine ovarian secondary follicles. This project used
3D follicle morphology, growthfollicle cell numbers,cell viability and hormone measurement
(estrogen, progesterone and AMH) for optimizing follicle culture systems, and for estntag
ovo-toxicity of chemotherapeuticsAn experiment using human breast cancer cells (MC&nd
ovarian carcinomdlerived granulosa like cells (KGN) demonstrated that the chemotherapeutics
used for breast cancer are also cytotoxic to ovarian carcinoetis. Clinically relevant doses of
cyclophosphamide however were not cytotoxic to ovarian carcinoma cells, and this led to
determination of the 24h 1C25 values of these chemotherapeutics agtiia breast cancer MCF

cell line

A preliminary studyusingmurine secondary follicles suggested that the 2D culture systems do not
supportthe maintenance ofollicle morphology, growth and AMH synthesis. Therefore, two 3D
culture matrices; SFX and Matrigel, were evaluated, and this study led to the conclughan
Matrigel was better for supporting follicle morphology, granulosa cell viability and hormone
synthesis, and hence Matrigel was used in a subsequent study to examine the effects of commonly
used breast cancer chemotherapeutics; doxorubicin and cyclgpimmide on follicle growthin

vitro.

To assess the cytotoxic effect of chemotherapeutioBiicle cell viability wasneasuredby direct
assessment using trypan blue assay anddad stain. It was unexpected that approximately half
the GCswere deadin freshly isolated secondary folliclead that therewas no difference in follicle

cell viability between enzymatically or mechanically isolated follicles. Similarly, follicle cell viability

was not affected by the culture systeraad cell viability indllicles cultured for 48hkvas similar to
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cell viability infreshly isolated follicles. Previous studies reported 80% vi@eafter assessment
usinglive-dead staining of whole folliclg&\erts et al. 2008; Campes$ al. 2011; Lunardi et al. 2012,
Merdassi et al. 2011put whole follicle staining givesindirect and subjective estimation of viable
cells because follicles are spherical aB&soverlap whenstained follicles are mounted on
microscope slideaswas proven irthe presentstudyin which indirect viablgranulosa celtounts
were approximately half of thamneasuredby direct trypan blue counts. In contragi previous
reports we suggest thasincetrypan blue allows direct estimation of granulosa aadibility in a
single cell suspensiothisis more accurate and reliablan livedead stain of whole follicles, and
that those studies may have overestimated viable cell numbers in whole folliageacknowledged
that the loss of follicle cell vidity in the trypan blue direct assaay be attributed to the disruption
of the gap junctions betweeCgqDesai et al. 201@juring follicledisaggregationbut the follicle
isolation methodandthe follicle culture system did not affect the follicle cell viabilltyaddition to
this, in the present study livelead staining of whole follicles was optimised, and this also found

lower numbers of viable cells in isolated follicles than were reportedipusly.

In an early study using KGN celts;dpherols were prepared in 0.8% DMSO in complete media.
Hence, 0.8% DMSO in complete media was used as a vehicle control. KGN cell viability was not
affected by 24h exposure, but there was reducaability dter 72h continuous exposure to 0.8%
DMSO. Whemvarian cancer KGN cells were exposetbtmpherols in 0.8% DMS@Toc neither
promoted cell proliferation nor killed KGN celtsToc was not toxic to KGN cells up to 100uM
concentration In a later study usg murine follicles bwever, 0.3% DMSO with testosterone and
FSHor with testosterone, FSH and gTonaintainedthe intact follicle morphology ovea 6-day
culture ina 3D culture system with 60% follicle cell \ldlp, similar tothe cell viability offreshly
isolated folliclesHence it was concludedat low concentratios of DMSO (0.3%) supported follicle
cell viability over 6 dayis vitro, and the effecs of 0.3% DMSO were thoughthie because follicles
are sensitive to reactive oxygen species &dSOis apotent antioxidant thatwas effective in
neutralizing RO this culture systenfLee & De Mora 1999; Scaduto Jr 1995; Sunda et al..2002)
is possible thaat higher concentratios(0.8%) DMS®©@an becytotoxicto ovarian cancer celksfter
longer 72hcontinuous exposurg but not after shorter 24h exposurebhe difference in toxicity of
the DMSO vehicle control in the two studies was therefore attributed to differences in

concentration.

Alpha tocopheol was not cytotoxic to breast cancer cells (MCF7) nor to ovarian carcinoma cells

(KGN), but gamma tocopheralas more toxic to breast cancer cells than ovarian carcinoma cells
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(KGN). This was confirmed in a later experimasingmurine secondary folliek in a 2D culture
system. Despite the loss of the spherical structure of the follicles, follicles exposed to gamma
tocopherol had a similar number of total and vial@d€ger secondary follicle as follicles cultured
under control conditionsgToc was notytotoxic to primary derived follicle cells the optimized

3D follicle culture system, gamma tocopherol again showed the gmaveth promotingproperties;

the morphological integrity of follicles was retaineahhd growth, total number of follicle cells,
viability and hormone synthesis were maintained. However, no definitive conclusions could be
drawnbecause these effects were not significantly higher than the vehicle control cont&irdfig
DMSO, which is also a potent antioxidant and was at such adaeentrationthat it did not cause
cytotoxicity(Lee & De Mora 1999; Scaduto Jr 1995; Sunda et al. .2P@g)ofthe protective effect
foundin gamma tocopherol treated folliclegas probably contributed by DM$@hich leads to the
conclusion that the effects of higher concentration of gToc (in the same 0.3% DMSO) on murine
follicles shouldbe examined, to determine if gToc does provide benefits for follicle growth and
physiological functions, and also to findetikoncentration that does cause damage, since this will

define the maximum doses that might potentially be administereditro.

Follicles are unlike breast cancer or ovarian carcinoma cells, in that they remain embedded in the
ovary, they are sphericalith an oocyte in the centre and this 3D structure maintains endocrine and
paracrine functions through gap junctions and other mechanisms dependent on the 3D structure.
Previous studies reported that 2D culture systedo not support follicleor oocyte growth,
maturation or hormone productiondue to loss othe spherical structure(Eppig & O'Brien 1996;
Eppig & Schroeder 1989; Spears, De Bruin & Gosden 1996; Telfer et al. R€8d)s from this
project confirmsthese findingdecausefollicles cultured in 2D culture systexdid not grow and
produced lesdhiormone andGCdlispersed and attached to the floor of the wedlsowingloss of
spherical structurendextrusion of oocytes. In contratite 3D culture matrixMatrigel, supported
spherical morphology of follicle and hormone synthesis. Culturing isolated follicles in Matrigel
modelledthe in vivoconditionsin whichfollicles remain embedded in the ovarian ECM. Components
of ECM support the follicle growth vivo, andcollagen in Matrigel providesfibrous structure with
elasticity(Gomes et al. 1999; IrviAgodgers et al. 2010; Rodgers et al. 1998; Rodgers,-Radgers

& Russell 2003; van Wezel, I. L. & Rodgers,1R986; Woodruff & Shea 20QHollicle integrity is a
crucial requirement for follicle development, growth, oocyte maturation and hormone synthesis

becausdlifferent compartments of ovarian follicle&Csoocyte and theca cells) communicate with
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each oher through gap junctionéBoon & Simpson 2012; Desai et al. 2010; Knight & Glister 2006;
Pruitt 2016; Smyth et al. 1993; Strauss 2014; Voutilainen et al. 1986; Zec et al. 2011)

Hormone synthesized by folliclesas used as an assessment parameter becatsssynthesis
reflectsfollicle morphology and cell viability. Under control condigspMatrigel maintainedhigh
quality M1 or M2 morphologyduring a48h culture period and therefore alssupported the
synthesisof both estrogen and progesteroné contrast to the2D culture systemvhich did not
maintainfollicle integrity (M1/M2 morphologydr hormone productionThis was also supported by
the study conducted byfelfer et al. (2008and in this studyestrogen production bya single
secondary follicle was 0.84 pg/mia 2D culture systemnd 5.93 pg/mlin a3D matrix (Matrigel).
These observations give rise to the promise that when 3Befollicle morphology is damaged
steroidogenesiss interrupted, possiblypecause, in an intact follicl&Cscommunicate with theca
cells and oocytéKnight & Glister 2006and steroidogenesisequires the transfer opregnenolone

from GCto theca cellswhere it is converted toandrostenedione and testosteronehich are
transferred back to the Glefore production of estrogefBoon & Simpson 2012; Miller & Auchus
2011; Pruitt 2016; Smyth et al. 1993; Strauss 2014; Voutilainen et al. 1986; Whitelaw et al. 1992)
Hence damage tdollicle morphologyrepresened by M1 or M2 to M3 or M4grades may be
associated with disrupted steroidogenediscause of interrupted gap junctior(&rickson et al.
1985; Telfer et al. 2008; Williams & Erickson 20TRe association of morplogical damagevith
hormone synthesis is supported by the finding that follicles exposed to doxorubicin and 40H
cyclophosphamide alone did not produce anyaBd had éw numbers of morphologically intact
follicles on day 2 but higher numtzeof M3 or M4 bllicles. Therefore, it is suggested that the
chemotherapeuticaisedfor treating breast cancer cause morphological damage of follighgsh

has immediate effects on hormone synthesis that are independent of granulosa cell death

The ative metabolite ofcyclophosphamide,-fiydroxycyclophosphamide, at its clinically relevant
dose didnot kill KGN cells. In later stud4dOQHCYC was applied at a concentraff@buM)that still
maintained thetherapeutic dosage ratio of 10:1 to doxorubickiowever, this higér concentration

of 4OHCY®@as not also cytotoxic to KGN celssibsequent study determinethat the 1C25 of
40HCYC againgte MCF7 breast cancer cellwas21.23 uM which was much higher than that of
its plasma concentratiom vivo(0.2 uM)(Struck et al. 1987Whensecondary folliclesere exposed

to this MCF7 24h IC25 values for 48he 4OHCYC caused losssgherical structure of follicland

dispersion of5Cdgo the floor of the wells. Similar resglivere observed when follicles we exposed
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to 40HCYC in a 3D culture system ovdag period there wereno morphologically intact M1 or

M2 folliclesby day 2of culture.

Doxorubicin was cytotoxic to KGN cells at&4h exposureo atherapeutically relevant dose. In a
later study,the IC25value of doxorubicin 1.21 uM caused morphological damagprevented
follicle growth,caused the deatlof 74% of follicle cellsand prevented hormoneproduction. It
seems likely thathte morphological damagmay have causedubsequent follicle dedeath, and
reduced growth and hormone synthegBoon & Simpson 2012; Desai et al. 2010; Knight & Glister
2006; Pruitt 2016; Smyth et al. 1993; Strauss 2014; Voutilainen et al. 1986; Zec et al. 2011)

The ombinations of doxorubicin and 4OHCYC (ACa dbsage ratio of 10:1 (both 10uM+1pM and
25uM+2.5uM)weretoxic to ovarian cancer cells. When follicles were exposed to the AC negime
their IC25 valueghe damage tdfollicleswas similar to that seen aftexposure to each of the

separate chemotherapeutics.Together these studies indicate that doxorubicin and

cyclophosphamideausedmorphological damage even in a supportive 3D culture matrix.

Addition of gToc tdhe combination of @xorubicin and cyclophghamidedid notreducethe KGN

cell viability after 48 hours buhe viability of KGN cells was significantly reduced after 72 hours.
Similarly,exposure to thecombination of doxorubicin, cyclophosphamide and gT@sulted in
similar viable cell numbersotthe contro| and significantly highewiable cell numberghan in
doxorubicin and cyclophosphamide treated folliclegh@2D culture system. Ithe 3D follicle study
using Matrigel for 6 days, the addition of gTodtxorubicin and cyclophosphamideddiot prevent
follicle cell deathor morphological damage caused the two chemotherapeuticsThis might be
becausealthoughgToc is an antioxidant that is capable of preventing ROS associated cell death
doxorubicin and cyclophosphamide Kkill cells in tiplé pathways including inhibition of
topoisomerase Il, breakdown of DNA strafidalyanaraman et al. 2002; Kalyanaraman, RB&yzes

& Mason 1980; Swift et al. 2006; Tewey et al. 1984; Thorn et al. 2084d9s ihking of DNA,
prevention of RNA transcription and mutati¢Arnold, Bourseaux & Brock 1958; Bagley, Bostick &
DeVita 1973; Boddy & Yule 2000; De Jonge, Milly E et al. 2005; Emadi, Jones & Brodsky 2009; Siddik
2002; Teicher, B et al. 1996; Yuksel et al. 20A%0, gToc was not able toaintain estrogen
production when doxorubicin and 40HCYC were present. This could be bedhase two
chemotherapeutics cause morphological damagech compromise hormone synthes and this

mechanism of actioms unrelated to ROS related inhibition of hormone productibremer et al.
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2003; Rodgers et al. 1995; Young et al. 198H)ch the antioxidant properties of gToc can

counteract

Fram this study it appears that chemotherapeutieserts toxic effects by causing morphological
disruption of the follicles which is one of the causes of granulosa cell deattremhudtion in
hormone synthesisUltimately reduced proliferation ofsCsdoes na allow the progression of
secondary follicles to antral stage to produce a mature oocyte. As a result, premature infertility
develops. Hence, the routinely used chemotherapeuytsgen at lower dosgcan cause toxicity in

the ovary.

However, gToc has showcytotoxicity to breast cancer celisit was not toxic to primary derived
follicle cellsnor to ovarian carcinoma cells. Hendbe co-administration of gToc with doxorubicin
and cyclophosphamiddo treat breast cancerhas the potential to reduce thenumber of
chemotherapy cyclesequired to eradicate the cancer and the reduction in administration of total

load of doxorubicin and cyclophosphamide would reduce toxic effects on the.ovary

The results from this projecinay therefore contribute to the developrant of an improved
chemotherapeutic regimefor women diagnosednhich will reducehe ovotoxicity associated with
doxorubicin and cyclophosphamide. Results frors firoject confirnthe ovo-toxicity of commonly
used breast cancer chemotherapeutics andoort further evaluationin animal models to
determine if the combination of doxorubicin and cyclophosphamide with gamma tocopherol can

delay or prevent premature ovarian failuie viva
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8. APPENDICES

Appendix8.1: Anti Mullerian Hormone (AMH) Produion

lal A& I RAYSNAO 3Ift@02LINRPGSAY FYR I YSYOSN 27
(Choi & Rajkovic 2006yhe gene expressing AMH is on the short arm of chromosome 19p18.3 an
comprises 2750 nucleotidg8roekmans eal. 2008) For biological activity theSexon counted
FNRY G(GKS 0QSYR YHzN, SoaaRierdd SO\Nardasic 20Ahentdlecllsr weight

of AMH is 140kDA and the molecule consists of two identical subunits joineddsuiphidelink

(Hampl, Snajderova & Mardesic 2011)

AMH is initially producedsaa preproprotein of 560 amino acids which is converted to a propeptide
(proAMH) after removal of the first 24 amino acids. This form is inactive and does not bind to the
AMH receptor. At the site of action ProAMH undergoes enzymatic cleavage between arrdso

450 and 452 to produce a CO@minal dimer (AMK) and a Nktiterminal dimer (AMK) (Figure

8.1). The AMHis the active receptor binding component of ANIPankhurst & McLennan 2013)

PRO MATURE
h-AMH
560aa x 2
Disulfide Linkage I
aa4s1
AMH, AMH
451 aa 109 aa

Figure 8.1: Activation of proAMH.

AMH is a preproprotein of 560 amino acids. Activation of proAMH involves the proteolytic cleavage
at amino acid 451 to produce mature and active COOH terminal (AMHC) (adoptddif@emente
et al. 2010). AMHN (NH2erminaldimey) is the preregion of the preproprotein. aa: Amino Acid.
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In the inactive pro AMH the two dimers are bonded to each othercovalentt @ 2 KSy a! al £
precipitated from blood using two antibodies specific to theoldhd COOH terminals, western blot
analysis of the precipitated protein showed that AMias precipitated by antibody specific to NH
terminal but antibody specific to AM#tould not precipitate AMfrom blood, although the same
antibody could precipitate recombinant human AMKFigure 8.2). This indicated that AMH
remained complexed with AMHproAMH) and the only available form lohood is proAMH and
AMH\c

AMH AMH rAMH

vV V VY

Ab specific to Ab specific to Ab specific to
AMH,, AMH AMH

Figure 8.2: Precipitation of AMH using specific antibody from blood using western blot.

Antibody specific to AMtould precipitate AMtbut antibody specific to AM#tould not capture
AMHc:though it could bind to recombinant AMHC (rAEIMAb: antibody.

Furthermore, deglycosylation of proAMH produced two bands indicating that proAMH remained
glycosylated in bloodPankhurst & McLennan 2013yherefore, it can be concluded that AMH
remains glycosylated in the inactive form adldaves at the site of action either in the mullerian
duct or in the ovary. Serum measurements of AMH do not therefore directly estimate AMH
bioactivity, which depends on activity of the proteolytic enzyme, as well as receptor expression and

transduction.

8.2 AMH Receptors
AMH is the natural ligand of AMH receptors. AMH type Il receptors (AMHRII) are specific to AMH

(Josso, di Clemém & Gouédard 2001but type | receptors are neapecific and are shared with
bone morphogenetic factorgJosso € al. 2005) The gene expressing AMHRII was found on
chromosome 12 and consists of 11 exons and is 8 kbp long. This gene is expressed by Mullerian

ducts and the gonads and the corresponding receptor protein has been localised to the Mullerian
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duct. In fenale rat ovaries, AMHRII messenger RNA was expresse@dand theca cells of growing
follicles (Ingraham et al. 2000; La Marca & Volpe 206&)wever, the localization of type | AMH
receptors is unclear. Thereasix type | AMH receptors out of which Alk 3 is responsible for AMH
activity in Mullerian ducts whereas the remaining are located in the ovary where AMH binds
competitively with TGF ~ F I YA f & (LarMaxcad & Wdipe 20060 elucidate the receptor
binding of AMHdi Clemente et al. (201Gyansfected COS cells with human AMHRII and cultured
them for 3 days. The cells were then incubated with full length, cleaved (after dissociation with
protease from preregion) or noncleavable AMH before visualisation using anti AMhADbs. A
strong binding signal was observed with a@tierminal mAb 22A2, a faint signal with full length
AMH mAb, and no signal for nateavable AMH. From these datdi, Clemente et al. (2010)
proposed that in full length AMH the active C terminal does not orient to bind with the receptor,
but after proteolytic cleavage, the C terminal undergoes a conformationange that allows it to
bind to AMHRIIKigure 83).

The allosteric binding of cleaved AMH with AMHRII weakens thecoealent bond between pro
region and C terminal which helps the dissociation ofy@gionfrom the type Il receptoiGterminal
complex. The type Il recept@-terminal complex then stimulates phosphorylation and promotes
binding with type | receptofHampl, Snajderova & Mardesic 201This means AMH binds to type

Il receptor by ligand and activates type | receptor through phosphorylation which further initiates

the cascade of biological respons€gre 83).

216



Full length AMH:
Preproprotein; 560 aa Pro AMH: Propeptide

Protease AMHy
451 aa

AMH,
109 aa
Receptor
signaling
. . complex
Dissociation
— —_—
AMHRII / AMHRI ‘
Specific to AMH
Also binds with Smad )
TGF-B members Phosphorylation

Figure 8.3: Mechanism of action of AMH receptor binding

Proteolytic cleavage of AMH gives the appropriate orientation for the C terminal to bind with type II
receptor, and this in turn facilitates the dissociationractive N terminal from the complex. The
type Il receptoiGterminal complex then binds with type | receptor by phosphorylation in order to
exert biological actions. Adopted fraih Clemente et al. (2010)
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Appendix 8.2 Quantification of AMH inSerum Samples

The determination of serum concentrations of AMH is important for fertility treatment and
reproductive research. There are a number of AMH ELISAs available namely; the DSL AMH ELISA,
the Immunotech AMH/MIS kit, the Beckman Coulter Gen Il ELISA, the BRIEG&A kit and the K
ASSAYTable 81). The Immunotech and DSL ELISAs wemdbated by Beckman and marketed as
GKS DSy LL 9[L{!® ¢KS . SO1YlLYy [ 2dzZ GSNR&a DSy
kit but the calibration standards from the Immunotech k&MH concentrations of 0.16, 0.4, 1.2,

4.0, 10 and 22.5 ng/mli()Kumar et al. 2010)

Freour et al. (2007gvduated the Beckman Coulter Gen Il ELISA and the DSL AMH ELISA by
examining AMH levels in the serum of 69 women aged between 22 and 40 years who were
undergoing IVF. Though both the kits followed the same assay procedure and principles the
sensitivityoftts 5{ [ Faal & ¢l a nonup >3Ik[ BHKSNBlIA& GKS
> 3 KThble 8.1). The determinations of AMH concentrations were almostfdlé lower with the

DSL kit than with the Beckman Coulter Bersinger et al. (2007ound less difference between

AMH levels obtained by the Beckman Coulter ELISA and the DSL AMH ELISA and demonstrated that
the possible cause of difference between them stemmed from residual matrix effects and
instabilities of certain antigenic determants.Streuli et al. (2009onducted a study using the AMH

DSL ELISA to measure AMH in 168 samples from three patient cohorts; 24 ovulatory women, 58
women who had undergone AMH measurement for fertility purposes and 13 women in whom AMH
levels were below the detection levels accordinghe Beckman Coulter ELISAreuli et al. (2009)
remeasured the AMH levels using DSL kit, but they did not find any differences and they concluded

that Beckman Coulter might have solved the problem associated with the Gen 1l ELISA.

In another multicentre study where serum AMH was s@&d on 271 patients using DSL ELISA and

Gen Il AMH ELISWallace et al. 201 Where it was eported that AMH levels were approximately

40% higher when measured with AMH Gen |l ELISA instead of DSL AMPM\VEL#SA et al. 2011)

In a later study, however, the Gen Il ELISA was compared with the DSL AMH ELISA when measuring
serum AMH levels of 5007 women with fertility problerfBustamovet al. 2012) The Gen I
measured AMH levels were 20 percent lower than the DSL AMH ELISA measurements. Also inter
assay variation for the Gen Il and DSL AMH ELISAs were 59% and 32% regjracsiaslyv et al.

2012) although the product data sheet claims only 3.57% Hai&esay variability for the Gen Il ELISA
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One disadvantage of the (AMH/MIS) (EIA AMH/MdSYrom Immunotech is that daemolysed
samples cannot be assayed. Also, samples containingr @hggen could interfere with the
monoclonal antibodies due to steric hindrance of the specific antigen (AMH) to bind to the specific
site of the antibody. Also, AMH remains in dimeric form and thus itself can cause limited binding
due to its orientatiorto the binding site of the monoclonal antibody. Limited binding capacity (Single
site) of monoclonal antibody used in this ELISA can lead to enormous (leputian et al. 2005)
Moreover, the intraassay and inteassay coefficients of variation for this ELISA were Highlé 8.

1) thoughAnderson and Cameron (20lrBported much lower intreassay (3.6%gnd interassay

(4%) coefficient of variations while measuring serum AMH levels in 56 breast cancer patients. The

sensitivity was reported as 0.05 mgL, but only 1 ngmLby the manufacturer.

Life Sciences Advanced Technologies, Inc, USA produced a HuJmidarian Inhibiting
Substance/AntMullerian Hormone (MIS/AMH) ELISA KIT (BlueGene ELISA Kit) which was similar to
the AMH Gen Il ELISA by Beckman Coulter, Inc, except for the use of-elonaltianttMIS/AMH
antibody. Its sensitivity was 0.01 ng/mL iath was higher than Gen Il AMH ELISA (0.04 ng/mL).
There has been no comparative study between these two ELISAs, but it is thought that the increased
sensitivity of the Blue Gene ELISA might be due to its polyclonaMdB8fiAMH antibodyLipman et

al. 2005)

In 2013, the Kamiya Biomedical Company also offered an ELISA kit naA&8AX ® for the
guantitative determination of human AMH in serum, plasma, tissue homogenates, cell culture
superndants and other biological fluids. The principle was same as that of Life Sciences Advanced
Technologies and AMH Gen Il ELISA by Beckman Coulter, Inc. Thistadsa used a monoclonal
antibody to bind to AMH antigerm@ble 8.1). According to the product disclosure data sheet of the
respective manufacturers, the sensitivity of Blue gene ELISA kit was 0.01 ngh®8AK ® was 12.2
pg/mL(0.012ngML), and EIA AMH / MIS was 0.14 mg/(Table 81).

The AntiMullerian Hormone / Mullerian Inhibiting Substance (AMH/MIS) kit by Immunotech and
the AMH Gen Il ELISA by Beckman Coulter, Inc were pptinto measure AMH level in plasma or
serum while the other two from Life Sciences Advanced Technologies, Inc, USA and Kamiya
Biomedical Company were capable of measuring AMH in serum or blood plasma and cell culture

fluid & body fluid & tissue homogenaf@&able 81)
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Table 8.1: Comparison of different ELISA methods used for measuring serum AMH

Type of Precision
ELISA . Intra-assay
Primary Measures Cross and inter | Publications referring
Manufacturer | ELISA kit Antibody Visualization| Sensitivity . -
. AMH in reactivity | assay to assay
against AMH -
Coefficient of
Variance
Intra-assay: | (Anderson & Camero
EIA AMH 1 ng/mL | 2+ )K. N 2011; Kumar et al
Immunotech . Monoclonal Serum Inter-assay: | 2010)
/ MIS kit 0.05 ngimL
I 2+ X N
Enzymaticall (Bersinger et al. 2007
y amplified Intra-assay: Freour et al. 2007
Beckman AMH Gen| two-site Anti-AMH HRP nonn >l Serum CoV =2.92 %| Kumar et al. 2010
Coulter Il ELISA | ELISA antibody conjugate Inter-assay: Pigny et al. 2016
CoV = 3.57 %| Rustamov et al. 2012
Streuli et al. 2009)
(Hanna et al. 2006)
i Multi-clonal
. . BlueGene | Sandwich ) HRP culture
Life Sciences ELISA Kitd ELISA ant!—MIS/AMH conjugate 0.01 ng/mL media
antibody
Competitive Serum or| No
inhibition blood significant
Kamiya : enzyme plasma and| cross 5 .
Biomedical (I:)ASSAY immunoassa g/lnotrbc:)(ijlonal Biotin 0.012ngmL | cell culture| reactivity anjtfgiAziS]‘i:ya;nt
Company y y fluid & body | with AMH g
fluid & tissue| analogs
homogerate
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Appendix 8.33-dimensional (3D) Confocal Microscopy of Stained Follicles

LiveDead, positive control or DABfained follicles were mounted into a 5 mMrgrid created by
sticking a PVC sheet with 5 fimindows on polylysinecoated slides. Excess medium was aspirated
before adding 5 uL buffered glycerol and a cover slip. Follicles were examined with an SP5 scanning
confocal microscope (Leica DMI6500B) using argon ladar fig excitation, multimmersion
objective lens and 13 and A filter cubes for Lid@ad and DAPI stained follicles respectively. The
deepest plane of the follicle was first brought into focus and the focal plane gradually reduced to
the plane closest tahe observer. This quantified the distance penetrated by the laser excitation
light (Figure 84).

A /
Depth of Laser penetrati Closestﬁfojt'@e

Furthest focal plane

Follicle diameter

|
\
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Figure 8.4: Penetration laser light through murine ovarian secondary follicle.

Murine ovarian secondary follicles were follicles were stained withDaael before fixed and
mounted on to a 5 mAarea of a PVC sticked preated slide. Stained and mounted follicles were
examined under confocal microscope. A. orientation of a folliader confocal microscope during Z
stacking. B: Images of a dead stained follicle at different focal plane (Z stack 00 to 11) where, Z00 is
the furthest plane that can be visualized after excitation using argon laser and Z11 is the top plane
ofthefollid S® S5AFFSNBYOS Ay RSLIIK 0Si6SSy SIFOK AYI -

The diameter of the furthest and widest focal plane was 215.88, this means excitation light could
pass through the half of the follicle. The average light penetration was about 110 henthree

staining protocols (DAPI, CalceinAM and Efl)ivere optimized by using confocal microscopy.
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Appendix 8.4:StandardProcedure forQuantification of Areas ofFluorescent
Saining Using Image J

Step &
¢ Image) = = =R
1 1 1 File Edit Image Process Analyze Plugins Window Help
Open the follicle image in Image J. Go to F W = S Al ol Be]s s mms
|Color picker (0.0.0/0.0.0) - ]
rbopen ¢ 24032015 Mouse 1 Ovary 1 Half 1 Follicle Ltif (50%) (S ==

If the follicle image is not visible, Go to Ima
Ay (GKS YSydz o6 NE
NAIKGYySaak/ 2y iNFai

Step 2:
If the image contains more than one follicle, select follicle that need to be quantified.

(Go to the tool bar and select appropriate tool mark/select the follicle and then go to image and

select crop)

vag e
d _ Change
¢ Imagel = B PX4 ading 2 Title = corees || [y setect~

File Edit Image Process Analyze Plugins Window Help
Qjojc|ofE ||\ Al |o|F] sfs|s]a]x] ||~
Magnifying glass (or use "+" and "-" keys)

¢ 24.03_2015 Mouse 1 Ovary 1 Half 1 Follicle 1-1.tif {Sm

433.33x343.33 ym (1300x1030), 8-hit, 1.3MB

Editing

St

L
. {5l

File Edit Font Results
lrea  [Mean [Min  [Max  [Angle [Length |+
1.111 56.540 22260 156.183 -3.421 122.886
8.667 56.579 23172 175250 -85703 115.659
9111 52825 24318 223930 46.386 116.943
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Step 3:

Measure the diameter of the follicle three times by drawing straight line across the follicle. To
measure, Draw line and press, Ctrl+M. Bwse three times and make averagef three

measurements.

The images have alreadslibrated,and a scale has incorporated, so the diameter will come in micro

meter.
Setting $ale:

At 20X magnification, pixel size is 0.333 uym. To setscaleAyutgsdh { SG { OFf S | y R LJ

in the dialog box as follows:

Distance in Pixel8.0 (0.333 um/pixel equals 3 pixels/um)
Known distance: 1.00

Pixel aspect ratio: 1.0

Units of lengthum

Distance in pixels:
Known distance:

Pixel aspect ratio:

LInit of length:

Click to Eemove Scale
|  Global

Scale: 3 pixelsipm

ok | cancel| Heip|
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Step 4:

Make a duplicate copy of image. This will help iater thresholding step.

(Go to image in the menu bar and select Duplicate)

3| ¢ Imagel e ee v > = | 3] Bading 2 i VT.iuei
For [ File Edit |mag? Process Analyze Plugins Window Help ,
= o |[SISEISEPININININ. RSV PIRNE | —

Developer Menu

T 1
4 24.03_2015 Mouse 1 Ovary 1 Half 1 Follicle .. | = | & | 38
433.33¢343.33 {im (1300x1030); 8-bit, 1.3M8

433.33x343.33 ym (1300x1030); 8-bit, 1.3MB

Step 5:

Subtract Background: Go to process in the menu bar and select subtract background.

Rolling ball radius: m pixels

[ Light background

I” Create background (don't subtract)
[ Sliding paraboloid

[~ Disable smoothing

[~ Preview

OK | Canu:el| Help|

This will subtract background using rolling ball background subtractionadetimage J uses this

plugin to correct for an uneven illuminated background by using a "rolling ball* algorithm.
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A local background value is determined for every pixel by averaging over a very large ball around
the pixel. This value is hereafter subtiad from the original image. The radius should be set to at

least the size of the largest object that is not part of the background.

It has a very usefylreview capability. Before subtracting check in preview and if necessary compare

with the duplicate mage if too much background is subtracted.

In general, many images need subtraction of background with a radius2® pixels. Higher the
radius of the rolling ball lower will be background subtracted. For the follicle images, select a rolling

ball radius to 20 pixels and keep this radius consistent for all images in an experiment.

[ - Xif § mages " . i [ [ 3 Bading 2 Title
Forl | File Edit Image Process Analyze Plugins Window Help
2 |mielfadic)FPAR INVNRY 7R KA PA N | 7o=ssans

x=90.67, y=151.33, value=1 |
Alo —_— - E

—————— - Ta =
¢ 24_03_2015 Mouse 1 Ovary 1 Half 1 Follic...| = ¢ 24_03_2015 Mouse 1 Ovary 1 Half 1 Follicle ... .=
‘ 433.33x343.33 pm (1300x1030); 8-hit; 1.3MB [433.33x343.33 um (1300x1030); 8-hit, 1.3MB

Original image

Background subtracted

Step 6:
|l ReadzadAy3d GKNBaAK2fRY LYIF3IS Iy R2dzaAlGMm GKNBaK2f

You can seleatolourfrom red, black and while and over and under. For further processing select

black and white.

U Zoom in the duplicate image to clearly see the stained particle
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U There are two thresholding levels; lower and upper, top bar is for lower thresholding level

and the bottom bar is for upper thresholding level
U Increasing the lower/higher level will make monmeas black and vice versa

0 Comparing the original image make a balance between lower and upper levels to make

maximum numbers of stained particles black.

U There might be some white holes in surrounded by black circle and two or more particles

joined together but these cells will be processed in the later stages.

e fel 1 o) s =1 # 1 TR = = PRy

Table ¢ Imagel =8 = ¢ Threshold X\&J
tables | | File Edit Image Process Analyze Plugins Window Help
Oojc|o| <] 4|+ |A| A M| csef4|a| 2] | |»
|Arrow Tool
1.41%
¢ 24.03.2015 Mouse 10 £ Folliclen ) & 15 Mc 1 Half 1 Follicle .. i 0 8
[433.33x343.33 i (1300x1030), 6-it. 1.3MB 433.33x343.33 ym (1300x1030); 8-bit, 1.3MB | i o 103

efault ~| [Baw ~|
k background [~ Stack histogram

apply | Reset ﬂl

a

S5,

»® &
& "&".'b

% vy
3; . L . Adjust the image going
5, Y e left or right considering

N e

the original image to
threshold most of the

Select Apply and it will convert image to binary (Black and White). Image J can only count black dots.
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Table £ Imagel =& = 'WordArt Drop = E_E e Equation Symk
- - Cap~ e Object = - -
tanles | | File Edit Image Process Analyze Plugins Window Help Text Gl
Qoja|o|< 4|« Al @ P sla]2] | [>]E
|Fiood Fill Tool 4 Threshold [T
B4 d 24_03_2015 Mouse 1 Ovary 1 Half 1 Follicle ..
Th|S area COnta'nS 433.33x343.33 um (1300x1030); B-hit, 1.3MB
122%
more than one o b s
cells when o I

compared to

. . Default - | [B&W -
original image ‘ = L

¥ Dark background [~ Stack histogram

_Auto | Apply | Reset| st
—
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-
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L
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[y
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N W”m
c [@=tN
A
(0p))
— Qx
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Q¢
Qx
L;I M
_<
> -
3 =
'E'. —
z
a [N
>
o R
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Qx
g:\
8))
R
w»
P
M

et Il L T i i

=nacn X

Analyze Plugins Window Help

cuieshies |4 & | 2| | |»
Sharpen
Find Edges . ]
Find Maxima... One-pixel line
Select Apg  Enhance Contrast... nd White). Image J can only cc FO. Separate
There may Noise * |.go to Process = Binary = Fil JOIned cells
['. + Shadows L ) T e P

rastes | [ Fle " T n—
- Binary & Make Binary —
- o I =
4 Math 3 Convert to Mask i "

£ 2403 2005wy

Mcoms FET | Erode
Filters ' Dilate
Batch *| Open od
Image Calculator... Close- )
Subtract Background. .. Outline
Repeat Command Ctrl+Shift+R Fill Holes
Skeletonize

J_ Distance Map
— - Ultimate Points

To Separate these cells, mask those areas, Goto Proc.  \Watershed Ma:

Varonoi

Options...

This image is now ready for quantification of GC numbers.
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Step 7:

Before quantification of GC numbers, measure smallest three individual particles in the image to be
used in the next step. For DAPI stained particles, nuclear size was determined by ethidium

homodiamerl and that was 1.002 pfrand therefore this area was udén estimation process to

include and exclude particles in quantification.

d Imagel > a -

File Edit Image Process Analyze Plugins Window Help
Oo|z|of= £ 4|5 Ala| |l ce

/| a| 7]

Palygon selections

4 180315 M1O1H2 FLtif (50%) - !

§33.33x343.33 pm (1300x1030); 8-bit (invering LUT); 1.3WB

[ ]

_ Cha
T Styl

E=E—

File Edit FonthesuIts
[area mean [Min [Max [Angle

-

-23.199 5.077

The areas of three different particles are 1.889, 1.778 and 1.4%4thimis the area of the whole
nucleus, because DAPI is a nuclear stain. (Diameter of GC ranges from 2Quio).1Take the
minimum value to be used in the next step or put a close value to the minimum area of nucleus, for
example, here we will use 1 |fmAlso consider the largest size of a nucleus. Here the largest one

was 1.889, and we will set our range up2@2. Forquantification, go toAnalyselh a Sdn&ySd

particle
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DR S UFT PV WS B

o

=11c

4 Image) e aw x| Headingl |
File Edit Image Process Analyze Plugins Window Help Styles
EL‘OJB‘@'{A.‘—#: ;’\‘A‘O\‘{"’?“ DefStkv|j"&|/‘ | ‘» e
Text tool (double-click to configure) . here we will
d 180315 M1O1H2 F1tif (50%) = B =
433.33x343.33 um (1300x1030); 8-bit {inverting LIUT); 1.3MB P_ Analyze Particles E

I:l Size (um*2);

[ Pixel units

[+ Display results
[v Clearresults
¥ Summarize

[~ Add to Manager

Circularity: |0.00-1.00
Show: |Mothing 7

[~ Exclude on edges ||
[ Include holes
[ Record starts
[ In situ Show

0K | Cancell Help|

Set the size from 1 pfrto infinity. This will exclude particles that are less than 1 (ifine upper
limit is set to infinity because there are some attached particles wimiap arebe with higher areas.
This will count thee large particles as 1 cell. Select outline from the show drop down menu. And

enter ok.

This will give the numbers of GC and the outline of the nucleus.

File Edit Image Process Analyze FPlugins Window Help
Ojojc|o] < 4|+ |Ala @] s/ 4 |a] 7] |

x=83, y=118, value=255

|>>

Drawing of 180315 ML... |_ = ‘;
206.67x164.00 im (6 20x45.2); B-bi; 296K

180315 M101H2 =
206.67x164.00 ym (620x492); 8-hit (inverting LUT), 289

bl
RXS F
o A"g & B0
I w."‘..
0
el
Results ¢ Summary
File Edit Font Results File Edit Font
‘Area |Mean |Min |Max ‘ Slice |Count |TDta\Area |Averag‘
44 36 285 285 285 | |180315 MIOTHZ F1tf &0 12875956 26751 || .
45 33333 2595 255 288 Record this total
45 a7444 255 aa number as GC
48 228G 255 255 255
49 29222 255 255 255 numbers
50 35667 255 255 285 ||, -

q
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Step 8:

Record the cell numbers with respect to follicular diameter and save the outline.
Go® T Af S MpdafiheddBatidndok/save
Individual cell areas can be recorded and exported to excel for future use.

Go to the results windowbhselect filelbsave ashdefine location, it will save results in excel.
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Appendix 8.5:StandardQurves

8.5.1 KGNCell Viability: CV Standard Curve

CV standard curve

1.2
l }
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o 04 o . R2 = 0.9795
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Figure 85: Viable KGN cell standarcurve determined by CV assay.

KGN cells were cultured in wells of 96 well plate at a density of O to 100,000 (six replicate wells for
each density on four separate occasions. Cells were cultured for 24h and thereafter viable cell
numbers were determined in a crystal violet assay. Mean+SD OD at 570nm with correction at 630nm
was plotted against cell densities and fitted to a linear trendline.
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8.5.2: EstrogenSandard Qurve

E2 ELISA Standard Curve
2.0 -
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Rz = 0.9975
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Logit(B/Bo)
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Figure 86: Estrogen standard curve.

Estradiol standard was diluted in the cell culture medium to give concentrations that ranged from
6.6 to 4000 pg/mL. Estradiol standards were examined wnapetitive Estradiol (E2) EIA (Cayman
Chemical ELISA, Ann Arbor, MI, USA) that uses a mousatdnitiigG, and an acetylcholinesterase
estradiol tracer. B/BO represents the OD value (at 412nm) of each concentration calculated by
subtracting the average @ for nonspecific binding wells and then divided by average OD of the
media wells. Separate estrogen standard curve was performed each time and used to calculate the
estrogen produced by cells or follicles in conditioned media.
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8.5.3:ProgesteroneSandard Qurve

Logit(B/Bo)
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E2 concentration (pg/mL)

10000

Figure 8.7: Progesterone standard curve

Progesterone standard was diluted in the cell culture medium to give concentrations that ranged
from 7.18 to 1000 pg/mL. Progesterone standards were examined in a ctimgptogesterone EIA
(Cayman Chemical ELISA, Ann Arbor, MI, USA) that uses a mouse monoclonal anti rabbit IgG, and an
acetylcholinesterase progesterone tracer. B/BO represents the OD value of each concentration
calculated by subtracting the average ODron-specific binding wells and then divided by average

OD of the media wells. Separate progesterone standard curve was performed each time with
experiment and used to calculate the progesterone produced by cells or follicles in conditioned

media.
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8.5.4 AMH Sandard Curve

AMH Std Curve
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Figure 88: AMH standard curve.

AMH standards were diluted in culture media to give concentrations ranging from 0 to 150 pM. The
standards were examined in a twwmmunological step sandwich type ElAtthizes an antAMH
monoclonal antibody for capturing AMH, and a biotinylated monoclonal antibody together with
streptavidinperoxidase for detecting bound AMH in the wells. MeantSD OD at 450ng plotted
against AMH concentrations.
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Appendix 8.6 Morphological Change offFolliclesOver Time Under Exposure to
Treatments

Mechanically isolated morphologically intact (M1/M2) murine follicles (n=48) were cultured in
Matrigel with test reagents for 6 days. Six follicles in each culture condition were photographed a
commencement of culture (day 0) and every 2 days thereafter. The morphology of each follicle was
scored as M1, M2, M3 or M4 according to the integrity of the basal membrane and the IB&sof
Follicles with M1 and M2 scores were considered to be intattt good, spherical morphology. The

experiment was repeated on four separate occasions (n=4).

0 um ..
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FSH+Testoster
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