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Abstract

A physiological culture system that supports the vitro growth (IVG)and development of
oocytes would be an invaluable tool for the development and optimisation of fertility
preservation techniquesMarkersof oocyte, follicle and ovarian stromal tissnermality need
to be establishedto ensure in vitro-derived oocytes are healthy and developmentally

competent

A 2-step, physiologicalVG systenwas developedhat suppored (1) activation, growth and
developmen of ovine primordial follicles situover 1623 daysyielding 37 secondary follicles
over 31 repeat cultureand (2) developmenbf in vivo- (n=85)andin vitro-derivedsecondary
folliclesto the early antral stage 25% and 19%, respectivel@ep (1)was comparedo an
acceleratedsystem (n=24) which, unlike the physiological systemesulted in a significant
increase (p<0.05) in the proportion of degenerating follided decrease (p<0.05) istromal
tissue integrityfollowing 6 daysculture compared to day Ccontrol tissue In addition a
significantly higher yield of transitional (p<0.01) and secondary (pxfbElesresulted from
the physiologicals. the accelerated system.The expression patterns of 20 genes key to
oogenesisand folliculogenesis werestablishedin vivo and compared to stagematched
samplesderived using thephysiological IVG systemevealing significant changes (p<0.05) in
the expression oAMH, IGF1L b |L'b | ,IFSTZP2 GTSFIBMPG BMP15andMEST Step(1)
was wsedto evaluate damag#o oocyteand ovarian tissudealthfollowingthe perfusion of 48
ovaries,with either 1.5M dimethylsulphoxideg(DMSO)r L-15 control medum, in combination
with the use of NMR spectroscopy to determine the leveDdSOpermeation Perfusion
times of 10 and 60 minutes &re required permeate the pedicle and cortex tissue,
respectively however, 60 minutes perfusion resulted in a significant decrease in follicle

number (p<0.01) and stromal tissue integrity (p<0.05).

Theoverallresults indicate thathe IVG of oocytes &suitable tool to both assess the patency

of fertility preservation systems and as a means to restore female fertility.
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1 Generallntroduction

Improvements in cancer treatments have resulted in increasing survival rates of patients.
However, treatments used are often aggressive and can cause infertilitgddition patients
suffering from premature ovarian failure (POF), abdominal traumajérisyndromepr other
autoimmune diseases that require chemotherapeutic treatment would benefit from the
development of fertility preservation techniqguesCurrent methods of fertility preservation
such as oocyte or embryo cryopreservati@me not suitaltle for prepubertal girlsor
adolescentsor are they ideal for women of reproductive agdo have not yet found their

life partner. Recent advances in cryobiology have meant that it is now possible to fsteme
intact ovarian tissue for girls and youmgpmen requiring fertility preservation.At present
fertility restoration may be achieved after ovarian freezing by autograft. However, there is a
risk that malignant cells may be reintroduced@he ovary is not immunologically privileged so
allograftingof the tissue is not possibleThe development of methods to enable themplete

in vitro growth of follicles from the primordialo pre-ovulatory stages would overcome many

of the problems posed by current fertilitgstoraion methods. Although thecomplete in vitro
growth and maturation and subsequent fertilisation of oocytes has resulted in the birth of live
young in mice this has been much more difficult to replicate in larger species and humans.
This is partly due to both the greater timescaleofenesis and folliculogenesis and the size
of oocytes and folliclem larger species, as well as decreased accessibility of tiddawever,

progress has been made towards the optimisation of these systems.

Oogenesis and folliculogenesis are complaxd protracted processes. Growth and
development of follicles and oocytés vivo are regulated by numerous peptides and growth
factors as well as hormones such as the pituitary gonadotrophins: follicle stimulating hormone
(FSH) and luteinizing hormone (LH) and ovarian steroid hormones including progegi4dne
testosterone and oesbgen (E2) The development of oocytes within follicles from the
primordial to the preovulatory stage takes around-% monthsin humans and is only

completed once puberty has been reached.

A clear understanding of the processes of oogenesis and foliienesis, as well as the
optimisation ofin vitro growth and maturation systems are of great importartoefertility

preservation strategies Before these techniques are used as fertilédgtoraion methods in
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humans it is essential that thim vitro-derived oocytes are developmentally competent and
that following fertilisation the health of the resultant offspring can be guaranteed. In order to
ensure thigyoal is achieved greater understanding of the expression patterns of gehasg
oocyte develoment in vivois required, as well as the establishment of imprints that occurs
during oogenesis. This review will therefore outline the current understanding of the
processes of oogenesis and folliculogenesis vivg the current methals of fertility
preservation, progressthat has been made with respect to developiaglture systems that
support thein vitro growth and maturation of oocyteand the methods used to establish the

developmental competence of these vitro-derived oocytes.

1.1 Formationand colonization of theearly humanovary

The human ovary is composed germ and somatic cellsThe somatic cell components are
derived fromprimarily mesonephric cells, as well eselomic epithelium and mesenchymal
cells The proliferation of these somaiiell components startd weeks post fertilisatiorfp.f.)
resulting in the formation of the fetal ova@yskov, 1986 Germ cells, however, are derived
from an extragonadal region and must migrate to the genital ridgehe formation and
migration of primordial germ cells (PGGs)d subsequent differentiation into oogonia and
oocyteshas been etensively reviewed byarious authorqMotta et al., 1997aMotta et al.,
1997h Pereda et al., 2006 PGCsan first be detected inthe human embryo 3 weeks p.via
staining forthe ereyme alkaline phosphatase.Bone morphogenetic proteins (BMPg)2
(endodermderived), 4 and 8b (ectoderuerived) are required for PGC generation in mice
(Ying et al., 2001Ying and Zhao, 20Q0Lawson et al., 1999 Early evidence suggests that
these factors may also be required in human PGC specificgditiar et al., 2011 Primordial
germ cel are locatedin the endoderm of the dorsal wall of the yolk sac, close to the
neighbouring allantois. To reach the genital ridge the PGCs first passively migrate to the
connective tissue of the hindguthis occurs around week 4 p.fThis movement is bragint
about by the rearrangement of thembryo into a tubular shapeas it develops. Further
migration of the PGCs from the hindgthrough the dorsal mesenteryo the genital ridge is

anactiveprocess occurring iweek 56 p.f.

The active migration of PGCsis enabledby a change inthe morphology and cytoplasmic
contentsof the cells InitiallyPGCs are rounded cells, with femganelles but rich in glycogen
particles and lipid dropletswhich may be sources of energy substrate once active migration

hascommenced(Funkuda, 1976 Onleaving tle hindgutPGCdecome spindleshaped The
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development of pseudopodia and the conceation of microtubules and microfilaments in the
cytoplasm enable the PGCs to actively migrate via amodi@dmovements to the genital
ridge (Fujimoto et al., 197) Migration is also aided by theteraction between the PGCs and
somatic cells as th2 cell components interact via cell contacts and chemotaxic signalKitg.
ligand (KL) exists in2 forms, a sluble and a membrankound form, Kl and Ki2,
respectively (se&ection 1.5) (Huang et al., 1992The interaction between the forms of KL
and their receptor, c-kit, stimulates PGC survivéKl-2) and migration (Kl:1) to - and
colonisation(KL:-2) of - the genital ridge(Driancourt et al., 2000Hoyer et al., 2005Wehrle-
Haller and Weston, 1995 Leukaemia inhibitory factor (LIF) and fibroblast growth factor (FGF)
have been identified as cytokines which stimulate PGC survival and proliferation, respectively
(Anderson et al., 2001 Members of theTransforming growth factorTGh- superfamily have
also beershown to contribute tathe regulation of the migration pross for example TGF1

has been shown to negatively regulate PGC proliferafdadin and Wylie, 1991 Active
migration is further aided by the interaction between components on the surface of ti@gsPG
and the extracellular matrisurroundingthe somatic cells. During this migratory period the
PGCaindergo divisiorby mitosis(GarciaCastro et al., 1997 Activin A has been implicated as

a stimulatory factor with respect to PGC proliferation and surviiidrtins da Silva et al.,
2004).

1.2 Development of PGCs farimordial follicles

Upon reaching the genital ridge tHeGCs lose their motilitgnd become incorporated into
germ cell nests. Thegre now termed cogonia. Within these nestssynchronous and rapid
mitotic division of the oogonian which the cytoplasm is incompletely dividedsults in the
formation of intracellular bridge¢Pepling andSpradling, 1998 In the human ovary mitotic
division of oogonia continues untifr@nd 12 weeks p.fwhen a transiton to meiotic cell
division begis (Gondos et al., 1986 Oogonia located in the inner corteare the first to
undergo this transition and aneow termed primary oocytesThe commencement of meiosis
is accompanied bigoth changes in the oocyte nucleus and cytoplasmic rearrangemehish
are important for oocyte metabolisnfMakabe et al., 1992 Meiosis progresses up to
diplotene of prophase @ months p.f.where it then arrestantil oocyte maturity is complete
Mitotic divisions cotinue up to 7 months p.f. in the human ovary and the higlesabbserved
in months 34 generatea maximum number of germ cellsAround6.8 million have been
observedat month 5 p.f.in humans. However, this number greatly declines to 2 million at

birth as activatio of oocyte growth occurs but it sustained past the early antr@tA)stages
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due to the absence of gonadotrophic stimulation. The stores are nestablishedas mitosis
ceases and germ cells degenerate within the oyanyd are lostvia exfoliation from the

ovarian surfacéBaker, 1963Motta and Makabe, 198@epling and Spradling, 2001

Oocytesurvival is dependent upon germ ciltorporationinto primordial follicles.Primordial
follicles each consist of a diplotene oocyte encompassed bysiagle layer of squamous
follicular somaticcells,termed pregranulosa cellswhich arederived from the ovarian surface
epithelium (Eppig, 2001 Sawyer et al., 2002 Primordial follicle formation requireshe
breakdown of germ cell nests. This achieved via themajority of oocytesundergang
apoptosisthus ensuringhe survivingoocyteshave increased access poe-granulosa cells and
intracellular organelles, which are activeharisportedvia the aforementioned intracellular
bridges(Gondos, 1973Pepling and Spradling, 1998Cytoplasmic processes originating from
the surrounding somatic cells aid the breakdown of connections between germic@bcyte
nests andonce the pregranulosa cells have secreted an outer membrane, the basal lamina,
the primordial folicles becomésolated from the surrounding stromand exist as idividual
entities (Francavilla et al., 1990The basal lamina is primarily composed ofagen IV, laminin
and entactin/ nidogen, the exact composition, however, vari¢gsroughout follicular

development(Rodgers et al., 2003

Oocyte survival is dependent upon theaimtenance of interactionsvith granulosa cell (GC)
layers, andrice versa The somatic cecompartmentprovides eachoocyte with the necessary
nutrients, amino acids growth factors and oxygerto support growth and maturation
Bidirectional communication foregulatory factors between the germ cell and somatic
compartments is required to regulateocyte and follicular growth and development is
achieved via the presenad heterologous and homologougap junctionsbetween the oocyte
and somatic cells and between the GCs themse(¢aerlerson and Albertini, 1976@ppig,
2001). As oocytederived factors play a key role in the regulation of paracrine factors
produced by the GCs, the oocyte is effectively reguipiia own microenvironmentGilchrist

et al., 2004. Furthermore the production of factors by ogtes and the establishment of
morphogen gradientsesults ina heterologous pattern of gene expression in GC populations in
the later stages of development. The oocyte is held in meiotic arrest by the maintenance of
gap junctional contactsvhich facilitae the provisionof somatic celderived cycliadenosine

o -mgnophosphate(cAMB and cyclic guanosine monophosphateGMP)to the oocyte
(Andersonmand Albertini, 1976Gilchrist, 201D Note thatsecond messenger molecuddMP is
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also produced by the oocyte. Maintenance of meiotic arrest by high cAMP levels is achieved
via the promotion of AMPdependent protein kinase A, an enzyme that inhibits maturation
promoting factor(Gilchrist, 2010. The supply of cGMP to the oocyte is also key as this inhibits
phosphodiesterase 3, an enzyme that degrades cAMP, thus maintaining high levels of cAMP
(Tornell et al., 1991Tsafriri et al., 1996 Closure of gap junctions in response to the LH surge
prevents the transfer of cCAMP and cGMP from the somatic cells to the oocyte and thus results

in the resumption of meiosis (s&ection1.5.4).

The transcription factor, Factor in the germlite 6"QUA 3K & 6 SSy AYLX AOF 4GS
of primordial follicles via its role in the regulation dfet expression of oocyispecific genes

involved in folliculogenesis arthe formation of the zona pellucida (ZP)Initially shown in

mice prior to the identification of human homologues, Fig F2NX & | KS{iSNER
ubiquitously expressed transcriptiofactor, E12 and then binds anbéx in the promoter

region of the zona geng#luntriss et al.2002 Bayne et al., 2004 Targeted mutagnesis of

Figh A Y YA D &noNE&alituiaraevelopmeriBoyal et al., 2000

1.3 Morphological aspects ofpreantral follicle development

Preantral follicle growth and development is characterised by the oocyte increasioduime

as it acquireghe proteins needed for maturation, fertilisation arehrly developmentof the
postimplantation embryo prior to embryonic genome aettion. The activation gfrimordial
follicle growth isaccompanied by thg@re-GCs becoming cuboidal and proliferating to form
several avascular layers. The morphological changecurring throughout follicle
developmentand the approximate size of odeg and folliclesare summarisedni Figurel.1.

At the primordial stage spheroidal/ elliptical follicles consist of a centrally locgésthinal
vesicle (GMocyte surrounded by a continuous or discontingdayer of squamous G@h of
whichisenclosed by a thin basal lamina. These follicles are mainly located in the outer layer of
ovarian cortex(Zamboni, 1974 Initiation offollicle growth can be divided int@ stages.
During the first stagesC proliferation results in the transition to a thicker single GC layer
consisting of cuboidal/ columnar cells. During the second stage the follicle and oocyte
diameter as well as GC mber increase dramatically. The point at which the oocyte starts to
grow at a higher rate can be linked to the number of GCs in the largestsgossn of the
follicle. For example, this number1¢-15 in sheep and humans and 40 in the d@ahill and

Mauleon, 1981Gougeon and Chainy, 198rawTal and Yossefi, 1997



Species Follicle Diameter (pm)
Mouse 12 17 ~52 104-187 ~ 250 ~424
Sheep >4 40.8 52-75 129-194 ~ 330 2—6.5mm
Human 1.5 26 -40 40-70 114-302 0.2-10 mm 17—20 mm
Primordial Primary Transitional/ Secondary Early Antral/ Antral Graafian
Lacunae — areas of EF Multiple layers of Follicular
| 1 layer GCs | | 2-<6 layers GCs | accumulation mural GCs — columnar antrum

in morphology

Oocyte Cuboi]al GCs
y & o
Squamous pre-GCs p
Germinal
vesicle oocyte 2 Pellugid Cumulus
ona Pellucida
nucleus Theca cells oo:hc?ruls.— Stalk of
sphericatin cumulus cells
morphology
Species Oocyte Diameter (um)
Mouse 12 12.6 28-54 54-67 ~70 ~72
Sheep % 34.6 40 -90 73-88 ~120 ~120
Human 1> 36 40-173 73-120 ~120 ~120

Figurel.1 A diagrammatic representation of the morphological aspects of follicular development from the primordial to the GraafanGiagte and follicle
diameters are shown for mouse, sheep and human, information taken fr@miffin et al. (2005 2 Pedersen (19703 Lundy et al. (19994 GonzaleBulnes et al.
(2001, 5HimelsteinBraw et al. (1976



During theoocyte growth phase the deposition of a glycoprotein coat within the perivitelline
space initiates, resulting in the formation of tl# In humans ZP deposition begins in the
primary follicle and by the transitional stage these areas of deposition have cedlasféorm

a continuous layer around the oocyte. Cytoplasmic processegrse the ZP allowing the
maintenance of intercellular conta¢ggamboni, 194). The composition of the ZP is speecies
specific, ensuring that only sperm from the carepecies can fertilise the oocyt&he mouse
ZP is composed & sulphated glycoprotein§ZP1, ZPand ZP3)and is permeable to relatively
large macromoleculesA fourth ZP gene, ZP4, has been identified ammvshto be expressed
in the oocytes of humans, rats and hamstdisfievre et al., 20045upta and Bhandari, 2010
Glycoproteins; ZPand ZP3 form heterodimers which are crinked by ZPIWassarman et
al., 1996. In the mousethe sperm binds the ZP primarily via ZP3 resultirtgennduction of
the acrosome reactionWhereas in the humaB ZP proteinsZP1, ZP3 and ZRd4cilitate the
binding of sperm and induction of the acrosome reactjGupta and Bhandari, 2010In both
humans and mice the ZP2 protein acts as a secondary sperm receptor and is not involved in
the acrosome reaction.Oncethe oocyte is fertilisechardening ofthe ZPprovidesa block to
polyspermy(Wassarman, 1988 At the transitional stage of follicle development a theca taye
begins to form. Theca cells are derived from fibroblést precursor cells present in the
ovarian stroma Once the follicle has developed to the secondary stage it will be eddysa
full theca layetthat will start to differentiate into2 distinct populations. Surrounding the lahs
lamina, the theca interna is composed of highly vascularised steroidogeni¢c tetis 2
arterioles provide &scularisatior{Gougeon, 1996 Whereas the theca externag®mposed of

a loosely associated layer of connective tissue ofstenoidogenic cellgMagoffin, 2009.

Figurel.1 contairs information regarding oocyte and follicle diameter, respectively, during
preantral development in the sheep, human and mouse. Development from the primordial
follicle to the secondary stage takes around 18, 78 and 270 days in the mouse, sheep and
human,respectively(Cahill and Mauleon, 198BlimelsteirBraw et al., 1976Gougeon, 1986
Picton, 2001 Pedersen, 1970 Throughout the process of follicle developmenp to antral
cavity formation,the oocyte increases dramatically in s{@vtterill et al., 2018and acquires

the components required to attain competence witlespect to resumption of meiosis,
germinal vesicle breakdown, chromatin decondensation and to block polysg&ictgn et al.,
1998. Oocye growth is achieved via the accumulation of ions, water and lipids and due to the
fact that the oocyte does not divide the volume of cytoplassnmaintained. During
development the oocyte undergoes largeale cytoplasmic rearrangement as organelles are

redistributed and new organelles and vesicles containing substrates required for synthesis and



8

energy are acquired. The process of oocyte devalm has been reviewed in detail in

numerous reviewgPicton et al., 1998.i and Albertini, 2013san den Hurk and Zhao, 2005

1.4 Morphological aspects ofantral follicle development

The major morpblogical changes that occur dallicles developfrom the preantral stages
onwards arerelated to growth. The manifestations of growth are markeddmyntinued GC
proliferation, followed by the formation of a follicular antrunjLussier et al., 19§7and the

differentiation of GCs into cumulus and mural populationsThe process of follicle
development is long angbrotracted, for example the development of fales from the

transitional stage up to the prevulatory stage takes around 6 months in sh€&ahill and

Mauleon, 1980.

Antrum formation begins when the follickeaches a speciespecific size)).2-0.4mm in human
(Gougeon, 1986 Gosden and Telfer, 198ya Antral cavity formationis promoted by
gonadotrophins (seé&ection 1.5.3. Figurel.lillustrates the process of antral cavity formation

in which follicular fluid (FF) begins to accumulate in multiple lacunae, possibly in areas of
reduced GC conta¢Baca and Zamboni, 1967 As the accumulation of fluid continues these
areas expand and coalesce formitglarge antrum, which continues to groBaca and
Zamiwoni, 1967. Fluid accumulation occurs as a result of glycoprotein production by the GCs.
Glycoproteins, such a&Cderived hyaluranon, inter-" trypsin inhibitor and versican, are
secreted into the FEhen bind/ crosslink each otherso are therefore etained (Clarke et al.,
2006. The presence of these glycoproteimsnis an osmotic gradient which causisd to

enter the developing antral cavitjrom the thecal vasculaturéRodgers and IrvinBodgers,
2010. This process requirethe remodelling ofcellcell junctions, as well as the theca layer
and ovarian stroma The FF may be an important source of various bland follicular cell
derived substances including gonadotrophins, steroids, growth factors, enzymes,
proteoglycans and lipoproteins which are required fbe regulation of folliculogenesis and

oogenesigvan den Hurk and Zhao, 2005

The division of the GCs infomorphologicallydistinct ppulationsoccurs as a consequence of
the formation of the follicular antrum. The cumulus and mB&shave a common origin but
differentiate to become functionally distinct with respect to the production of secretory

products and receptor expressighelfer et al., 1988 For example, expressionldfireceptors
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is present to a much greater extent in the mural rather than cumulus (G@sterdam et al.,
1975. Follicular antrum expansion and GC proliferation continue until theoprdatory
follicle reaches a size of aroundrat (Gougeon, 1986 Progression from the secondary to

pre-ovulatory follicle takes around 85 days in humans.

1.5 Factors controlling oogenesis and folliculogenesis

1.5.1 Primordialfollicle activation

Until recently it was widely accepted that thetal population ofoocytes in the ovaryg the
ovarianreserve- was finite and that by birth theravere no oogonial stem cells remaining
therefore explaining why when the ovarian reserve became depleted this resulted in ovarian
failure and menopause in womé@osden and Telfer, 1987auckerman, 1951 Based on this
theory the FaddyGosden modelin which the rate of follicle activation increases with
decreasing size of the remaining follicle reserve, was presented asasnoé illustrating the
rate ofdepletion of the follicle storéFaddy and Gosden, 1996However, increasing evidence
is emerging that limited population obogonial germ cellmay exist in adult ovaries in both
mice (Johnson et al., 200dohnson et al., 200&nd humanWhite et al., 2012and that these
cells are mitotically active and capable of forming oosydad thusmay contribute to the
replenishment ofthe primordial follicle store It remains unclear what contribution, if any, the
small number ofputative ovarian stem cells make to the reproductive longevity of an

individual.

Locally produced growth factors are essential for the activation and development of follicles.
From theEAstage onwards gonadotrophins are also esser(8ak Sction 1.5.4. Both tre
oocyte and somaticells of the follicle produce growth factors that have autocrine and
paracrine actions. Gap junctionabntacts which extend from the somatic cells, through the
ZPto the oolemma enable the transfer of growth factors between the different celesyp
(Anderson and Albertini, 1976 The nature of theseontacts alters throughout follicular
development, with respect to their number and form, to meet the requirementtheffollicle.

The process of gap juncti¢@Jylteration is mediated to an extent by external factssach as

FSHAnNderson et al., 2001
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Both oocyte andfollicular somatic celldevelopment depend upon the maienance of

signalling between th€ compartments. Granulosa cell contact is essential to the oocyte to

hold it in meiotic arrest until it has become competent to progress to metaphase Il (Mll)

(Pincus and Enzmann, 1935pig, 2001Gilchrist et al., 2008 Although oocytes are usually

able to resume meiosis once antrum formation has occurred they will not yet have acquired

the molecular and cytoplasmic machinery needed to complete nuclear maturationtand

progress to MI(Handel and Eppig, 1988The oocyte will not acquire the mlainery to enable

GA G § LINEOSaasSa adzOK |a WalLISNY KSIR LISYSGOGNI GAZ2
L2 f @aLISN¥e o6ft201 dzy At GKS TAyPidon @bIEEIS2 T Y I (0 dzNT
Furthermore, exposure to certain oocysecreted factors is essential to prevent the

premature luteinisation of somatic cellsl-Fouly et al., 197MNekola and Nalbandov, 19¥1In

this sectionthe roles ofgrowth factors thatare key to folliculogenesis and oogenesis will be

summarised and the importece of oocytegranulosa cell interactiondiscussd. Keyspecies

specific differences ral conflicting information will behighlighted. These are complex

processes and conflicting evidence concerning the roles of various factors also exists, this may

be partly due to differences in techniques used in different studies.

1.5.2 Oocytederived factors

The oocyte and somatic cell compartmenftthe follicleare mutually dependent upon each
other with respect to the production of growth factorthat promote development and
differentiation and the provision and utilisation of nutrients The oocyte was originally
thought to be passive, however, evidence now shows that the oocyte is key in regulating its
own microenvironment. The oocyte achieves thig the secretion of paracrine factotisat
promote the surroundingsCsto differentiate and developgn such a way as to provide the

oocyte with the substrates required for normal continued growth and development.

Numerous oocytalerived transcriptionfactorsthat are key to PGC migration, oocyte survival,
follicle assembly and oogenesis have been identified in mice, with some homolafpees

identified in humans, se€ablel.1.



Tablel.1 Oocytederived transcription factors; their expression pattern and experimental evidence to supportolesr Referencesl Kehler et al. (2004
2 Yamaguchi et al. (2002 Liu et al. (200), 4 Castrillon et al. (20035Li et al. (201)) 6 John et al. (20087 Biggs et al. (20018 Pangas et al. (20069 Choi
et al. (20080, 10Huntriss et al. (200211Bayne et al. (200412Soyal et al. (200013Rajkovic et al. (200414 Choi et al. (2008a

Transcription Factor

Expression Role

Evidence/ Extra Information

Octamerbinding protein 4 (OC%)

NANOG

FOX0O3amouse, FOXOzhuman

Spermatogenesis and oogene:
specific basic helixoop-helix 1

(SOHLH1)

Spermatogenesis and oogene:
specific basic helibbop-helix 2

(SOHLH2)
FIGh

Newborn
(NOBOX)

ovary

homeobo:

LIM homeobox protein 8 (LHX8)

PGCs

PGCs

Primordial
and
Primary

Primordial
and
Primary
Primordial
and
Primary
PGC
onwards

Primordial
onwards
Primordial
onwards

Required for PGC
survival

Required for PGC
survival

Inhibition of primordial
follicle activation

Required for oogenesis

Critical for regulation of
early oogenesis

Primordial follicle
assembly and zona
formation viaregulation
of the expression of
oocyte-specific genes
Regulates expression o
oocyte-specific genes
Critical for regulation of
early oogenesis

Decrease in PGC populatiorNanog and Oct#nockdown micé 2

Inactivation of FOXO imouseovarian cortexin vitro results in the large scal
activation of primordial follicles. Activation regulated by (PiBKj) pathway;
which, when active hyperphosphorylate©Xa/2 leading to deactivation an
nuclear exporf * > %7

Knockoutof Sohlhlin mice results in down regulation 8fgh and Nobox®

Misexpression of oocytepecific genes iBohlh2knockout mice. GCs are unak
to differentiate past primordial phenotype in knockout mite

Targeted mutagenesis of Fig Ay Y2dzaS 220&8GS&a NB
development. Fig b F2Nxa | KSGSNRRAYSNI ¢
transcription factor, E12 and then binds atb@&« in the promoter region of the
zona gene$™**?

Oocytespecific genes are dowregulated in NOBOX deficient mice. Critical
primordial to primary follicléransition™?

Misexpression of oocytspecific genes ihhx8knockout mice. Down regulate
Nobox pathway*

TT



12

One way in which the activation of primordial follicles is promoted is via the
phosphatidylinositeb -kinase (PI13KAkt pathway, as shown irFigurel.2 (Reddy et al., 2008

As mentioned ifmmablel.1 the action of Forkhead transcription factor (FOXO) 3a/2 is regulated
via PI3KAkt (Castrillon et al., 2003 FOXO inhibits primordial follicle activation. Interaction of
KL and its receptor,-kit, results in the phosphorylon of PI3K, which then binds and
phosphorylates phosphatidylinositol 4,%isphosphate (PHp to form phosphatidylinositol
(3,4,5Mrisphosphate (PIRB) (Reddy et al, 2005 Once phosphorylated RIPthen
phosphorylates and activates the protein kinase B, Akt, which can then phosphorylate FOXO.
Hyperphosphorylation of FOXO by RISk results in its expaéation from the nucleus thus
preventing its inhibitory action on follicle activatigAdhikari and Liu, 2009In addition, the
PI3KAkt pathway promotes actation of follicles via the indirect activation ehammalian
target of rapamycin complex 1 (mMTORC1Yhe promotion of human primordial follicle
activation by mTORCL1 has been demonstrated in a study in which rapamycin, an inhibitor of
mMTORCL1, reduced folkcactivation rategMcLaughlin et al., 2031 The PI3KAkt pathway and
therefore primordial follicle activation is negatively regulated, in part,pbysphatase and
tensin homologue deleted on chromosome ten (PTHEROddy et al., 2008 The actions of
PI3K are amgonised by PTEN as it dephosphorylates RIFPIR, thus inhibiting Akt. In a
study in which PTEN was inhibited, laggale activation of primordial follicles was observed
resulting from the exportation of FOXO from the nucléuset al., 201p The follicle reserve is
therefore partly maintained via the actions BTEN. Maintenance of the follicle reserve is also
achieved via the PI3gathway mediated activation d3-phosphoinositidedependent protein
kinasel (PDK1)although rather than suppressing primordial follicle activation this is achieved

by promoting thesurvival of dormant follicle@Reddy et al., 2009

A number of importanbocyte-specific growth factorshat play key roles in the regulation of
the development of the follicledave been identifiedthese include growth differentiation
factor 9 (GDF9) and bone morphogenetic protéBMPL5 and BMRP6. These factors are
membersof the TGF superfamily, which will be discussed in greater detail in the following
section. There is also some evidence of IGF S E LINEe adcy@ey of fatg, humans and
cows, but not sheeJuengel and McNatty, 20Q5To this endGDF9 is expressed by oocytes
from the primary stage in mice and humans, ahd primordial stage to the Graafian stage
sheep(Bodensteiner etl., 1999 McGrath et al., 1998odensteiner et al., 2000 eixeira Filho
et al., 2002 Aaltonen et al., 1999 Thi expression patterns imlike that of BMP15 whichis
expressed from the primary stage up to ovulationsheep, humans and mi¢daltonen et al.,
1999 Galloway et al., 20Q0Dube et al., 1998 GDB and BMP15 may form
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homo/heterodimers, however, unlike all other members of the TGF & dzLJS NJF | YA f &
the conserved 4th cysteine residue needed for dimerisa(ipbnbe et al.,, 1998 BMP6 is
expressed from the primordial to the antral stage in shéapengel et al., 2006 Unlike GDF

and BMP15, BMPexpression has been detected in tBEs in mice, from the primary to antral
stages(Elvin et al., 2000 The exact expression patterns of BMP6 with respect to follicular
stageare ill-defined in the mouse and human.Expression oBMP6 has beenletected in

primordial and primary human follicleShi et al., 2009

Primordial follicle == \
= activation m prmmmd m m

Inhibition of L

primordial follicle
activation

Primordial
follicle
activation

Figurel.2 Schematic representation of processprimordial follicle activation via the P13kt
pathway in the (a) absence and (b) presence of activated PTEN. Green and red boxes
represent activation and deactivation, respectively. Yellow circles indicate phosphorylation.

The roles ofGDF9, BMP15 arieMP6are summarised ifablel.2. As previously described the
expression patterns of these oocytkerived factors are speciespecific. Similarly #hactions

of these factors vary between species. For example, in rodents GDF9 is sufficient to promote
GC proliferation, whereas in sheep both GDF9 and BMP15 are reduimeet al., 201 In all
species detailed iTablel1.2, however, the role of GDF9, BMP15 and BMP6 can be broadly
summarised as regulation of the proliferation and differentiation of CCs in order to regulate

and optimise the microenvironment exgenced by the oocyte.

[j



Tablel.2 Oocytes regulate the development and differentiation of granulosa cells to ensure that an optimised microenvirsprenided. This is achieved via
secretion of oocytesecreted factors (OSFs). The taidow summarises key roles of the OSFs, the species in which there is evidence of this, the mechanism by
which it is achieved and the evidence for thi8bbreviatons: gonadotrophin (GN)mouse (M), rodent (R), porcine (P), bovine (B), ovine (O) and human (H).
References: Joyce et al. (20002 Thomas and Vanderhyden (2008 Vanderhyden et al. (19924 Otsuka et al. (20015 Gilchrist et al. (2004 6 Vitt et al. (2000

7 Gilchrist et al. (20083 Otsuka et al. (20009 (McNatty et al., 2005 10Su et al. (2009 11 Sugiura et al. (200512 Colonna and Mangia (1983L3 Su et al.

(2008, 14Hussein et al. (200515Dragovic et al. (2005

OSFregulated process (species Mechanism Evidence

Regulation GC differentiatiol KL expression is spressed by GDF9 (antral follicle) ai In vitro studies revealed that GDF9 and fully grown, but not partially grown, ooc
e.g. K.expression (M) stimulated by BMP15 (EA follicle). BMP15 is ¢ inhibited GC KL expression

regulated by FSH via KL signalling
Promotion of GC proliferation GDF9 identified as OSF responsible but is not the Culture of GCs with denudesbdent oocytes or GDB increased GC number ar
via production of mitogens contributor. BMP@s has a weakr no mitogenic effect thymidine incorporation

(RO**>° on GCsn the sheep and mouse, respectively
Inhibition of CC luteinisatior Via regulation of GC steroidogenesiSDF9 and BMP1 Removal of oocyte from COCs led to increased CC markers of luteinisation. Thi
(M, P, BO®"®° inhibit FSHnduced GC differentiation and P was reversecby oocyte ceculture. Effects  GDF9 and BMP15 on Fiiduced E2

production. GDF9 inhibits FS#ttluced B production andP4 assessed using GC culture

BMP6 inhibits P4 production (O)
Regulation of metabolic Production of oocytederived factors GDF9 and BMP: Glycolysis- oocytes unable to use glucose as an energy source as they lac
cooperativity between CCs an stimulate CC production of metabolites (amino aci glycolytic machinery, which CCs possess allowing them to supply oocytes
oocyte (M, B, H 111213 cholesterol and oxidative phosphorylati substrates), substrates required for oxidativephosphorylation. lllustrated by removal of oocy

which are then transferred to the oocyte via GJs from COCs (M)

Amino Acidand Cholesterol Biosynthesisised radioactively labelled amino acids (¢
L-alanine) and acetate (cholesterol precursor) and tested levels of radioactivi
denuded oocytess. CC enclosed oocytes. Levels in the cumahdosed group were
higher than in denuded oocytes (M). lllustrated by oocyte removal from COCs

Vi

Promotion of CC survival Cé) BMP15 and 6 implicated, whereas GDF9 is not. Effec Removal of oocyte from COCs resulted in increased levels of apoptosis in C(
promotion andsuppression of B& (antiapoptotic) and effect was reversed by eculturing with oocytes
Bax (apoptotic) gene expression, respectively, in CCs

Promotion of CCmucification GDF9 and BMP15 production enables CCs to respor Oocytectomy prevents cumulus expansion and mucification. Hmide reversed by

and expansion (M)m'15 GN and EGHkke peptide stimulation to undergc co-culture with oocytes and/or factors GDF9. Other OSFs also invosrenivn using
expansion and mucification, via EGF receptor inductic neutralising antibodies against GDF9
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1.5.3 Thetransforminggrowth factor-i (TGF &ubfamily andsuperfamily

Many of the factors involved in folliculogenesis and oogenesis are members of the TGF
subfamily and sperfamily. Thecellular localisation anéxpression patterns in the mouse,

sheep and human anmbles of the members of theTGH &dzo T I YAt rily nefmBersa dzLJS N
are summarised ifable1.3and Tablel.4. TheTGF & dzZLJSNF I YAt & YSYoSNH
structural motifs and form homaor heterodimers via covalent disulphide bonds between
conserved cysteine residugMassague, 2000 However, GDF9 and BMP15 are exceptions

and form noncovalent bonds. With the exception of inhibins A and B (see belovie t
majority of TGF & dzhig MEmbers bind to and signal via serine/ threonine kinase
receptorsvia a common pathway, summarisedkigurel.3 (Chang et al., 200Miyazawa et

al., 2002 Massague, 2000 Oocytederived factors GDFO and BMPL5, however,also signal

via an alternative Mitogeiactivated protein Kinase (MAPK) pathway. Once activated MAPK
isoforms ERK1/2 interact with Smadgghich is essential for the promotion of GC proliferation

(Moore et al., 2003Su et al. 2002.

) Receptor-regulated Smh

Co-Smad

(Sl |

Type I Type |
receptor receptor

DNA-binding partner
NUCLEUS

I . y Target gene F J

Figurel.3The TGF k { a! 5 LIJA in&bérdfdthe TGF & dzLISNF | Y kypell 6 m 0
receptor (2) and aype | receptor (3) resulting in the formation of a receptor complex (4). This
induces the phosphorylation and activation (5) of the type | receptor, which can then
phosphorylate areceptorregulated SMAD B8mad). Smad4 (a -smnad) (6) then forms a
heteromeric complex with the active-8nad (7) and translocates to the nucleus, where it
binds a DNAinding partner (8) and modulates target gene expression (9). These actions are
differentially inhibited by Smads 6 and 7. Diagram adapted {Massague, 1998
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Information regarding expression patterns showrnTablel.3 suggests that the theca cells are
the main site of actiorof members of thelTGHF a dzo FTHowekelr, patticularly as there is
some disagreement regarding TGF NI QISdxjifedshoh inGCs the role of the TGF
subfamily in this cell type requires further investigati@u etal., 2000 Roy and Kole, 1998

QX

Note that the beta-glycan referred to irTable 1.3 facilitates the binding of TGF W {2 A

receptor(Jaatinen et al., 2002

a-subunit f-suounit

a Ba Bg e Py fe
Frecursor farms T (I | I i 1 11
Mature subunits o ] O

A\ NN

N __— £ N\
. ,{,-/’r;_ff/\(/ \
limeric proteing ¢ mm o B B 3 ? ? ?
P S e e

InhibinA  [nhibinB  ActivinA  ActvinAB  Activin B

Figurel.4 Subunit composition of known inhibin and activin forms.

As described iTablel.4 the actions of inhibin and activin oppose each other. Inhibins exert

their effect by blocking the actions of activins. As mentioned abovertbehanism of inhibin

A and B signalling is difnt to that of the other members of the TGF & dzLISNF I YAt & & O0A Y|
2F Ly AYKAOAY I &adzmdzyAld G2 GKS OGA@GAY GeLS LL NB
receptor, ALK4, antagonises activin signalling thus bringing about the effectshif izthiu et

al., 2012. TGF superfamily member activin A has been shown to accelerate the

development of secondary folliclés vitro (Thomas etl., 2003 Telfer et al., 2008 Activin is a

dimeric protein which exists i3 forms; seeFigure 1.4 (Pangas et al.,, 2002 When ce

SELINB&&aSR gAGK | RA&GIydGte NBtIl (FQueld Bdzodzy Al GKS
formed. The effects of activiA on secondary follicle developmeate speciesspecific, for

example this growth factopromotes antrum formation in human but not ovine follici&hao

et al., 200). A summary of the key factors involved in folliculogenesis and oogetfiegiare

not part of theTGH & dzo ¥ I Ypeffamilyis pfdvided aidablel.5. Insulin and Isulin

like Growth Factors (IGF1 and IGRE& considered separateily Sectiorl.5.4



Table1.3 The role, localisation and stagefoflicular development during which TGF & dz0 FF YAf & YSYOSNARI GKSANI NBOSLI 2 NA
sheep and humans.The + symbol indicated K S ¥ lprésérgeNtraghout follicular development/a ¢ symbol indicates its absence.Abbreviations:
androstenedione (A4), steriodogenic acute regulatory protein (StAR).

TGH subfamily Site of Expression

Species member/ receptor/ Effect
binding protein Oocytes Granulosa Cells Theca Cells
TGH 1 and 2 - - Small preantrat>antral Anti-differentiative  role,
Ovi inhibited P4 synthesis by
vine TGF RI Primordial-> antral Small preantrat> antral ~ Small preantrat> antral granulosa cells. Possib
role in regulation of
(Juengel, 2004 TGH RII - - Small preantral> antral follicular cell proliferation =
and apoptosis.
Betaglycan + + +
Human TGH 1 + + +
(Chegini and TGH 2 - All stages Larger follicles only TGH 1 inhibits
Flanders, 1992Qu steroidogenesis in humal
et al., 200QPangas , , . , theca cells. Production c
-> -> -> .
etal. 2002Liu et TGH RI Primordial->antral Primordial->antral Preantral-> antral A4 by theca cells is
al., 2003 Attia et al., _ _ _ suppressed via the
2000, Car et al., TGH RII Primordial-> gimary - All stages inhibitory effects of TGF1
1996 on StAR
Smad 2 Primordial-> primary ~ Preantral-> antral Preantral-> antral
Betaglycan - Antral-> re-ovulatory Antral-> pre-ovulatory




Tablel1.4 The origin, site of action and role of somatell derived TGF
in the mouse (M), rat (R), sheep (S), cow (C) and humarNgig the BAP4 and BMP7 expression was detected at very low levels in the shemsfdrethese
factors areunlikely to play a significamble in regulating ovine follicular developme@uengel et al., 2006

adzLISNF I YA &

YSYOSNE YR GKS adl3s

TGH & dzLJS Origin Site of Effect Expression pattern Extra information References
member action
BMP4 TC GC/ Promote primordial to primary Primordial folliclé' - Promotes primordial (Shimasaki et al., 199¢
oocyte transition”. Suppression of G may also have ai follicle survival Lee et al., 2001Nilsson
apoptosis via notsmad effect later in and Skinner, 2003
BMP7 TC GC/ pathways; BMP4  via thg development Increases GC (Lee et al, 2004b
oocyte PISK/PDK/PKC and BMP7 vi proliferation via the Shimizu et al., 2032
the PI3K/PDH/AKkt. promotion of BMP15
expression
Anti-mullerian GC GC Inhibits follicle development ~ Primary-> antral'™®  Alters gene expression ¢ (Durlinger et al., 1999
hormone (AMH) stimulatory factors and, Weenen et al., 2004
in the antral follicle,
attenuates actions of
FSH
Activin A GC GC Stimulates GC prddiration and Primordial stage Studies have shown the (Rabinovici et al., 1991
differentiation - specifically onwards. However activin a accelerate! Findlay, 1993Liu et al.,
steroidogenesis and FS activin SUs, receptors secondary follicle growtt 1999 McNatty et al.,
receptor expression. Inhibiter and Smads no in vitro - exact effects are 2000, Zhao et al., 2001
by follistatin coexpressed unti speciesspecific Pangas et al., 200
small antral stagé" Thomas et al, 2003
Telfer et al., 2008
InhibinA and B GC  GC/TC Opposes effects of activin i Detected in the antral (Wrathall and  Knight,
order to promote the latter follicle - increases 1995)
stages of follicle development during dominant

follicle selectiofi

2T F2¢

8T



Table1l.5 The target, localisation and action of kegmaticgrowth factors involved in folliculogenesisi the mouse (M)rat (R),sheep(O) and human(H).
Abbreviations: Oocyte (Oo@rimary @°), Tyrosine Kiase (TyrK) References Manova and Behvarova (199}, 2 Huang et al. (1992 3 Manova et al. (1994
Clark et al. (19965 Tisdall et al. (19976 Joyce et al. (19997 Parrott and Skinner (19998 (Driancourt et al., 200), 9 Hoyer et al. (2005 10Anderson and Lee
(1993, 11Lavranos et al. (199412van Wezel et al. (199513Rodgers et al. (199614Yamamoto et al. (199715Quennell et al. (2004 16Arici et al. (199y, 17
Abir et al. (200% 18Nilsson et al. (200219Parrott et al. (1994 20Kezele et al. (200521 Nilsson et al. (200622Yoon et al. (2006 23Pinkas et al. (2008

Factor (species)  Target Localisation Action Extra information
PGG «it expression until Promotes PGC miaration. primordial Exists in 2 transiembrane forms Kil and Ki2. Both of which
KL (M,0,H) . meiosis initiation. KL (GC) . Lo 9 P can be cleaved to soluble forms, howeversXacks the
1,2,3.4:5,6.7.8.9,70 ckit (Oog . . follicle activation, development and . . s
and c-kit expression . cleavage site thsimainly exists in the membrane bound forr
. : survival .
primordial to antral and KEL in the soluble form
Basic Fibroblast Ooc- all stages, G€1° "?duc.es pnmordlal follicléevelopment Speciesspecific differences in terms of the role of bFGF ir
Growth Factor  Receptor via stimulation of basement membrane . L . .
onwards, TG preantral : . . follicular development. Conflicting evidence regarding the r
(bFCF) (M.O,H)  on GCs onwards (human) formation and GC proliferation and of bFGF in humansnhibitory vs stimulator
11.121,314.15.16 differentiation (mice) y y
LIF RHY°  GC and TC GC Promqtes prlmqrdlal follicle devellopmen Potential role in ovulatlon_ as the concentration of LIF in F
via promotion of KL expression increases in response to LH
. Stimulates development from the
Keratinocyte rimordial to1° stage via recruitment of
Growth Factor TC and GC PreTCs P 9 . Exists in a positive feedback loop with KL
21 theca cells and promotion of GC
(KGF) (RY e
proliferation
Plateletderived TyiK Ooc- all stagesof Promotion of primordial ta° follicle Treatment (_)f rat ovaries with P_DG_F Ied_to a significant
growth factor o . : . . decrease in the number of primdial follicles and a
receptor development. GCs and TC transition possibly via the stimulation of . . . ) .
(PDGF) (R, H) . . . concomitant increase in the number of growing follicles as v
212223 (GCs) - growing follicles KL expression

as an increase in KL expression

6T
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1.5.4 The role of Insulin, IGF1 and IGF2

Insulin andinsulinlike growth factors IGF1 and IGF&re of particular interest as they are
common constituents of IVG culture medisee Table 1.10). Insulin is an oocytéerived
growth factor that actsupon the GGand TC via its receptorThe actions of insulin, IGF1 and
IGF2in rodent, cow, sheep and humaare similarin that they allstimulate mitosis, DNA
synthesis, steroidogenesia somatic cells as well as thmiclear maturation of the oocyte
(Duleba et al., 1997Duleba et al.,, 1998Thomas et al.,, 20Q7Walters et al., 2006
Additionally in vitro insulin increases both basal and -&tinulated steroid hormone
production by GC@Villis et al., 1995 The actions of IGF1 are mediated predominantly via the
IGF1R although #lso binds IGF2R with very low affini8ilva et al., 2009 The actions of IGF2

are mediated predominantlyia the IGF2R although it binds IGF1R with relatively high affinity
(Silva et al., 2009 Insulin also binds IGR, although with very low affinity, but does not bind
IGF2R(Silva et al.,, 2009 The bioavailability of IGEsregulated by 6 IGF binding proteins
(IGFBPsYesulting in either the augmentation or inhibition of the actions of IB®axter, 2000

Silva et al., 2009 Levels of IGFBPs are themselves regulated by IGFBP proteases; for example,
during dominant bovine follicle selection IGFBP4 pasteis responsible for the proteolysis of
IGFBP4 resulting in an increase in IGF bioavailability and subsequent establishment of follicular
dominance(Rivera et al., 2001 In addition the level of IGFBP expression is linked to the level
of exposure to IGFs agell as the stage of follicular developmefWalters et al., 2006 The
importance of the regulation of IGF bioavailability was demonstrated in a study conducted by
(Thomas et al., 20Q7n which bovine preantral follicles were treated withe IGF1 analog
long-R3 IGF1, fowhich IGFBPs have a lower binding affinity for thanIGF1. Treatment
resulted in follicles displaying greater increases in diameter but smaller oocyte: follicle ratios
and higher levels of follicular degeneration than that observed in contr@lscye health in
larger antral follicles, however, improved in response to incubation with high levels of IGF1,

thus illustrating the fact that the effects of IGFs are stage depen@iatters et al., 2006

The thecal celtlerived factor IGF1 is not expressed until the EA follicular stage, whéra
receptor (IGF1R) is expressed from the primordial stage by oocytes andnGkus cow and
human(el-Roeiy et al., 1993u et al., 200p0Armstrong et al., 2002 Thecalcell expression of
IGF1R has been detected in large antral bovine folliclelse expression of IGF1R early in
follicular development can be exploitéd vitro to promote follicle developmentel-Roeiy et
al., 1993. In mice IGF1 has also been shown to stimulate FSHR expr&&smnet al., 1997

In human follicles xpression of IGF2 by GC and TC is detected during preantral follicle
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development and increases with increasing follicle &k&Roeiy et al., 1993 In addition IGF2
mediates the effects of FSH on E2 production in preantral follicles, thus promoting growth and
steroidogenesigErickson et al., 1979/outilainen et al., 1996 In vitro IGF2 increases E2
production by GCg; this is augmented by insulin piecubation, possibly via increased

expression of the IGFIRlason et al., 1994

Research regarding the expression patterns of IGFs and their receptors in the ovine model has
focused on mainly on the latter stages of development with allcleli <24mm diameter

grouped together Therefore theexact patterns of expression durimyine preantral follicle
development remain to be elucidatgerks et al., 1999Monget and Bondy, 2000 Although

IGF1 was not initially detected in ovine follicl@erks et al., 1995subsequent studies have
detected low levels of IGF1 expression in GC angHasiie and Haresign, 2006Expression of

IGF2 was detected in the GC, but not the TC layer. Expression of IGF1R and IGF2R was
deteded in both the GC and TC layer, baotea lesser extent in the latter, with levels increasing

with follicle sizgHastie and Haresign, 2006

1.5.5 The role of gonadotrophins

GonadotrophindGNs) FSH and LH are produced by the anterior pituitary gland in response to
gonadotiophin releasing hormonéGnRH stimulation, which is released by the hythalamus

in a pulsatile manneevery 13 hoursin humans(Johnson, 2000 Both FSH and LH are
heterodimers, composed of a comménsubunit and distinct subunits(Pierce and Parsons,
1981). Oestrogen levels indirectly regulateSHand LH release by the pituitary gland, via
regulation ofthe frequency of GnRHupsatile releaseby the hypothalamugMcNatty et al.,
1975 Bouchard et al., 198&\erts and Bols Qestrogen levels in the bloodstream determine
the frequency of GnRH release which itsmlhtrolsFSHand LH releasby the pituitary. Low
oestrogen levelpromote a lower frequency of GNRH releaaich promotes the production

of FSH by the pituitary. Whereas high oestrogen levels result in a relatively faster frequency of
GnRH release, which promotes LH release and suppresses FSH release by the gianitary
(Wildt et al., 1981 Molter-Gerard et al., 1999 Progesterone also regulates LH release via
regulation of GnRKErequency, in the presence akestrogen(Bergfeld et al., 1998VicCartney

et al., 2007. FSHproductionandrelease is also moderatda/ numerousmembers of the TGF

i supefamily. The ratelimiting step with respect to the overall production of FSH is the
production of the FSH subunit. The members of th€GH supefamily implicated in the

regulation of FSH production arenhibin A and B- which inhibit productionand release
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activinA, AB and Bwhichpromote productionand release, BMP4whichinhibits production
as well as theeffects of activin(Faure et al., 2005 and BMR6, BMF7 and BMP15- which

promote production(Rivier and Vale, 198 Rivierand Vale, 1989de Kretser et al., 20Q0
Huang et al., 20QDtsuka and Shimasaki, 2002

The ptuitary-derivedGNsFSH and LH are both required for follicular growth and development
from the EAup to the preovulatory stage Furthermore, FSldnd LH promote GC proliferation
and steroidogenesis and are required for the selection of the dominant fol(iGleugeon,
1986 Gougeon, 1996Webb et al., 200y In the absence of these hormones, for example
prior to puberty,later-staged antrafollicles will become atretic and degenerate. FSH has been
identified & the key survival factor as investigations carried oufun et al., 199Gevealed

that at the EAstage FSH reducetthe levels of apoptosis to a greater extent than other
previously dentified anttapoptotic fadors. In these experiments IGRvas identified as a
possible mediator of the anfipoptotic actions of FSH. Further experiments with-pre
ovulatory follicles have shown that the level of suppression of apoptosis is stage ard do
dependent, with respect to various GNs and GFwun et al., 1994 Prior to this stag&Nsare

not essential, however, FSH receptors are expressed from the primary stage in sheep and
humans, thus FSH is able to play anpissive role insupportingfollicle health as well as
growth and developmen(Tisdall et al., 199%0ktay et al., 1997a FSH has been shown to
promote the growth and diffrentiation of rat preantral folliclegMcGee et al., 1997 In the
sheep FSH has been shown to promot@ @oliferation in small (3.5mm) and large follicles

in vitro (Campbell et al., 1996 furthermore FSH has been shown to promote antral cavity
formation in cultured secondary follicléblewton et al., 1999pband FSH has been shown to

stimulate the growth of large antral folliclés vivo(Picton et al., 1990

The hormones=SH and LH exert their effeatn follicular development through binding to
their cognateFSH and Lifeceptors respectively The GN receptors ammembers of the7
transmembrane @rotein superfamily(Richards and Midgley, 197/®cFarland et al., 1989
Sprengel et al., 199®™illier, 200). Postreceptor signalling then results in the activation of
genes involved in proliferation, differentiation, steroidogenesis and the production of peptides
regulatingGN releasgvia adenylykyclase-mediated signalling and the stimulation of cAMP
production, which acts as a secondary messeriB@ahards, 199Hillier, 2001 Segaloff et al.,
1990. FSH receptors are expressed only@@s whereas LH recepts are initially only

expressed by theca cells, however, following FSH stimulation, at the mature, antral@&ge
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also express LH receptoiZeleznik et al., 197€amp et al., 199Piquette et al., 19911 Prior

to the expression of FSH and LH receptors on GCs andegpsctively GNs are unable to
directly stimulatefollicle growth and development. Asentioned previously, it is initially FSH
that stimulates follicle growth and development via the promotion of GC maturation and
proliferation, FSHR production by &Qhus increasing their sensitivity to FSH and augmenting
its action, production of pepties involvedin the regulation of GN production (inhibin and
activin) and proteoglycan production resulting in FF formaféanagishita and Hascall, 1979
Yanagishita et al., 1981 Following LHRduction in the theca layer FSH and LH become
involved in a loop termed the -2ell, 2GN theory which promotes the production of
oestrogens, as shown iRigure1.5 (Armstrong and Dorrington, 197.7 The production of
oestrogens in GCs is achieved tia aromatization of thecadlerived androgens, which have
been produced in response to LH stimulatiohhe aromatiation of androgens requires the
induction of cytochrome aromatase (P45%Q) expressiorvia FSH binding to the G(illier,
1994).

Theca cell Granulosa cell

LHR expression in \

Acetate and
Cholesterol

GCs of mature
follicles

Cholesterol

Pregnenolone ——= Progesterone

17-hydroxy- 17-hydroxy-
pre?olone progesterone LHR
7 : P450
De.hydro- stimulates lLH @E)snmulates AROMATASE ERB
epiandrosterone
Andéenediol FSHR \
\ Androstenedione
/X ANDROGEN e py GC proliferation
Testosterone and LHR

expression in
mature follicles

OESTROGEN

Figurel.5 The 2 cell, 2 gonadotrophin theoryAndrogens, produced in the theca layer as a
result of LH stimulation, are used as substrates for oestrogen production in the GC layer.
Oestrogens then bind receptors in the GC layer and promote GC proliferation thus resulting in
increased production ofestrogen. Both FSH and oestrogen promote the expression of LHRs
in the GC layer allowing LH to promote growth and development in a similar manner to FSH,
once FSH levels start to féfleleznik and Hillier, 198Zaylor and AAzzawi, 200D It should

also be noted that in some species a small amount of oestrogen synthesis by the thecal cells is
exhibited(Armstrong, 1981Tsang et al., 1985
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As previously describdf2has acentral effect on GnRH secretion but it also has a localaintr
ovarian effect. Oestrogepromotes GC proliferation and enhances aromatase actithitys
increasing itown production and amplifinghe ability of GNs to stimulate the expression of
FSHR and LHRichards and Midgley, 19¥6Locally producedrowth factois also promote GC
differentiation and proliferation, enhance the actions of FSH with respecE&tproduction,

LHR expression by GCs, stimulation of the conversion of cholesterol to androgens. For
example, IGF1 amplifies the effect of FSH in @@sashi, 1995 The effects ofE2 are

important in terms of the establishment of dominance.

Thus the development of follicles from tiigAstage onwards invoés a complex interaction of
steroids, gonadotrophins and locally produced GFs. Development from ttegdovulatory
follicle stage can be described in Phases: recruitment, selection and dominance.
Recruitment requires a transient increase in FSldlseto rescue a cohort of EA follicles from
atresia. Such a rise in FSH levels requires a drBgamd inhibin levels, which occurs at the
transition between the luteal and follicular phases wheooapus luteum CL) is degenerating.
Sudies have showtthat the decrease ife2rather than in inhibin is the main cause of the FSH
rise (le Nestour et al., 1993 At this stage thd®4to E2production ratio has increased. In
humans around 11 follicles per ovary are recruitedgrow in each new reproductive cycle
(Schipper et al., 1998 Follicles continue to develop to th€raafian stage and reach a
diameter of 25mm, at which point selection occudiiring the follicular phase of the cycle
(McGee and Hsueh, 20D0As the follicles are developit@production increaseggsulting in

the negative feedback and hence suppressiéi-SH production and increasing fetéaseby

the pituitary gonadotrophs During the follicular phas&2 levels risefurther resulting in a
decrease in FSH levels, at this point the dominant follicle apgearnsSantbrink et al., 1995

In monovular species one follicle becomes dominant and continues to grow, while the
remaining follicles regress. Tkelectedfollicle has an early developmental advantage and is
larger early in the cycle ani either the largest at the time of dection or the most
oestrogenic, or botl{Ginther et al., 199¢ Studies in humans have shown that theminant
follicle can be identified around day 7 of the menstrual cycle. The dominant follicle continues
to increase in size toeach a median diameter of Bfm in humans andb-7 mm in sheepat

the pre-ovulatory staggFauser and Van Heusden, 198nter et al., 200% This follicle has

the highest leved of E2andgrowth factorsthus increasinggs sensitivity to FSEndallowing its
continued development in a low FSH level environment. Furthermore, this follicle will be the
first to express LHRs on GCs thus allowing LH to take over the role of E8king E2

production in the presence of declining peripheral FSH levélkis follicle will continue to
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produce high levels oE2 thus further decreasing FSH levels to an extent to which the
remaining recruited follicles are unable to continugeir develogment and so thenundergo
atresia. Theproductionof E2 in the late follicular phase of the cypl®motes LH production

and so ultimately}caugsthe LH surge. The LH sungiéimately results in the ovulation of the
cumulus oocyte complex (CO@prts and Bols, 2010 In order for ovulation to occur th€C

mass must undergo a process known as expansion, in wh@tierived hyaluronic acid
secreted in response to the Gauirge, binds cumulus cells GC¥ and ircreases the space
between them (Eppig, 200,LSchoenfelder and Einspanier, 200At this pointactivity of P450
aromatase is suppressed atite steroid production by the follicle switches from maiigto
P4causing the resumption of meiosis, cellular and nuclear maturation, follicle wall rupture and
COC releasgHillier, 200). The reduction in the level of cAMP being transferred to the oocyte,
as a result of the LH surge disrupting the-d@Cyte interactions also contributes to the
resumption of meiosigDekel, 1988 A summary of the mechanism by which the LH surge
occurs is provided below, adaptérom Conti et al. (2012 Prior to the GNsurge high levels of
cAMP maintainthe phosphosphorylation and therefore the inhibition of maturation prting
factor, via the promotion of cAMBependent PKA, which promotes Weel kinases and inhibits
Cdc25 phosphatase. Although high enough levels of cAMP are produced by the, oocyte
connections between the oocyte and GCs are still essential for the mairtenainmeiotic
arrest, due to the provision of cGMP to the oocyte by the GCs. In response to the LH surge,
the permeability of GJs between GCs is reduced resultingGMP levels in the GCs and
subsequently the oocyte drqgging. Reduced levels of cGMP imé oocyte causéhe activation

of phosphodiesteras&@A, an enzyme which hydrolyses cAMP, thus resulting in a decrease in
CAMP levels.The exact mechanism of this is unknown, however, the EGF network has been
implicated, as the levels of EGke GFsncluding:amphiregulin, epiregilin and betacellulinin
murine (Shimada et al., 2006human(Zamah et al., 2090 ovine (Cotterill et al., 201Pand
porcine (Prochazka et al., 20)¥ollicular somaticcells rapidly and transiently increase in
response to LH. This increase is proposed to be mediated via the phosphorylation and
activation of serine/threonine kinase, ERK1/2 and p28 map kinase indu(ionti et al.,
2012. The TGF A dzLISNF I YAt & KIFI @S | fa2 oSSy AYLX AO!I
luteinisation as knock out of Smad4 in mice revealed thatas required for Lthduced
cumulus expansion and expression of ovulation relajedes (Yu et al., 2018 The
resumption of meiosis progresses as folloti®e nuclear membrane degenerates and meiotic
arrest endschromosomes complete thefirst meiotic divisionthe polar body is extruded and

an MIl oocyte is formednuclear progression is accompanibyg cytoplasmic maturation and

gap junctional breakdowwith the cumulus cells Following ovulation the somatic cells of the
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follicle ente a phase of terminal differentiation in which the cells stop proliferatitiey
undergo cellular remodellingand they produce large amounts oP4 before eventually
regressing. At this stage the follicle is referred to as a corpus lu(€tmaeco et al., 2097 Note
that in sheep, in contrast to humans, the large antral follicles continue to develop throughout

the luteal phase, as sufficient levels of FSH and LH are pr@&sdrd, 1983

The responsiveness of the different follicular components to GNs are regulated by autocrine
and paracrine actions, via IGFs and their binding proteins, activin and inhibin and various
steroids including; androgeng&2 P4and glycocortoidg, the latter posibly being involved in
injury repair postovulation. The oocyte will remain at the MII stage until fertilisation triggers
the resumption and subsequent completion of meicsisl exrusion of the second polar bgdl

this has been reviewed ifvan den Hurk and Zhao, 2025 and Albertini, 2013

The process of oogenesis and folliculogenesis is therefore highly complex and still not fully
understood. A summary of the key factors involved and their role (if known) in sheep and

human is provided iffablel.6.



Tablel1.6 The role of growth factors in humaand ovine oogenesis and folliculogenesihbreviations; human (H), ovine (OReferences; (1) sealle 1.2; (2)
see Bble 1.5 (3) see &ction 1.5.4 (4) Zeleznik et al. (1974(5) Pangas et al. (2002nd Thomas et al. (2003(6) see table 1.3(7) Weeren et al. (200% (8)
Wrathall and Knight (1995(9)McNatty et al. (200D

Follicle Stimulatory Inhibitory
stage Factor (Origin) Species Effect Factor (Origin) Species Effect
GDF9 (Ooc)b Mitogenic TGE v 6D/ 0 | Antidifferentiative, inhibits steroidogenesis
BMP6 (Ooc) H,’0 Possibly mitogenic
, Promotes primordial follicle activation, growth ar
Primordial KL ) development
bFGF (Ooc) H;O Unknown
LIF (GC)2H Promotes KL expression and thus follicle developmt
PDGF (Ooc)zH Promotes KL expression and thus follicle developmt
IGF1R (Ooc, GCJ H Mediates actions of insulin, IGF1 and IGF2
GDF9 (Ooc) H'O Mitogenic TGE v 6D/ 0 P Antidifferentiative, inhibits steroidogenesis
PDGF (Ooc, GC, Té) H Promotes KL expression and thus follicle developm¢ AMH (GC) H,0 Inhibitsprimordial follicle activation and
desensitises GC and TC to FSH and LH
BMP15 (Ooc ) H,'O Mitogenic Follistatin (GC) OH Inhibits actions of activins
BMP6 (Ooc) H,’0 Possibly mitogenic
FSHR (GC) H,0 Mediates the actions of FSH
Preantral

KL

bFGF (Ooc, GC, T€) H
IGF1R (Ooc, GC) H, O
IGF1 (GC, TC)©?
IGF2 (GC, TC) H,°0?
IGF2R (GAC) H, ®

Promotesgrowth and development
Unknown

Mediates actions of insulin, IGF1 and IGF2
Promote GC and TC proliferation
Promotes growth and steroidogenesis
Mediatesactions of insulin, IGF1 and IGF2

LZ



Table 1.6 (continued)

Follicle Stimulatory Inhibitory
Stage Factor (Origin) Species Effect Factor (Origin) Species Effect
GDFgOoc) H, ® Mitogenic TGH u 6D/ 0 F Antidifferentiative, inhibits steroidogenesis
BMP15 (Ooc ) H,’O Stimulate KL expression Follistatin (GC) OH Inhibits actions of activins
BMP6 (Ooc) H,’0 Mitogenic (O) Activin Aand BGC) H,® nhibit FSkstimulated E2 and inhibin A productio
FSHR (GC) H,0 Mediates the actions of FSH and Lhistimulated A4 production
IGF2R (GC, TC)H, O  Expression patterns unclear mediates actions of AMH (GC) H,0 Inhibits  primordial follicle activation anc
insulin, IGF1 and IGF2 desnstises GC and TC to FSH and LH
EA Inhibits FSH release by pituitary and inhibit actic
PDGF (Ooc, GC, Té) H Promotes KL expression and thus follicle developme¢ Inhibin A (GC) o) of activins
Activin Aand B(GC) H,® Promote GC proliferation, FSHR and LHR expressic
K2 Promotes growth and development
IGF1R (Ooc, GC) G, H Mediates actions of insulin, IGF1 and IGF2
IGF2 (GC, TC) H,’0? Promotes growth and steroidogenesis
IGF1 (Té) Promotes GC and TC proliferation, FSHiRression
Mitogenic, promote CC mucification, inhit GDF9 (Ooc) H'O Suppress KL expression and 8iulated P4 and
GDF9 (Ooc) H'O luteinisation inhibin production by GCs
Mitogenic, promote CC mucification and survivi BMP6 (Ooc) H,’0 Inhibits A4, E2 and inhibin A production by GCs .
BMP15 (Ooc ) H,'O inhibit luteinisation TCs
Mitogenic (O), promote CC survival, inhil AMH (GC)H,0 Inhibits  primordial  follicle activation and
BMP6 (Ooc) H,'0 luteinisation desenstises GC and TC to FSH and LH
Graafian ¢DCi H oD/ 0°

FSHR (GC) H,0
Activin Aand B(GC) H,®

IGF1 and IGFR
KL

Mediates the actions of FSH

Promote GC proliferation, FSHR and LHR expressic
Promote GC and TC proliferation and GC expressic
FSHR

Promotes growth and development

Activin Aand B(GC) H,®

Inhibin A (GC)©

Follistatin (GC) O*H

Anti-differentiative, inhibits steroidogenesis
Inhibit FSkstimulated E2 and inhibin A productio
and LHstimulated A4 production

Inhibits FSH release by pituitary and inhibit actic
of activins

Inhibits actions of activins

8¢
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1.6 Current nmethods offemalefertility preservation

1.6.1 Introduction

A detailed understanding of the mechanisms regulatowgenesis and folliculogenesis is
essential to support the development of strategies aimed at preserving the fertility of girls,
adolescents and young women who are at risk of premature ovarian failure (POF). For
example, mprovements in cancer treatmentsave resulted in increasing survival rates of
patients. The treatmentused however,are often aggressive and can cause infertility. In fact,
cancer treatments are the most common cause of POF in (Jadsul et al., 2019 Other
causes ofPOFinclude treatments used forautoimmune diseasess well as the diseases
themselves, genetic abnormalities such as chromosome X defects: Turner syndrome and
Fragile X syndrome, infections such as herpes zastésolated defects: for example those
affecting GN receptor¢BeckPeccoz and Persani, 2Q08rynberg et al., 2092 Therefore
effective methods of fertility preservation are required. In the following sections fertility
preservationtechniques that are currently in use, are under developmentare summarised

and discussed. All these techniques require the use of cryopreservation, therefore firstly the

basic principles and methods of optimising cryopreservation techniques willrisidesed.

1.6.2 Basicprinciples of cyopreservation

The development of cryopreservation techniques has enabled thetknng storage of cells.
In order to optimise cryopreservation techniques an understanding of the mechanisms of
cellular freezing and thelamage that this can cause is required. The level and nature of
damage to cells when cryopreserved are dependent on a number of faotduslingcell type
and size external cooling and warming rates, and the presence/ absence of cryoprotective

agents.

The major factors likely to cause damage during the cryopreservation process are intracellular
ice formation and exposure of the cells to solute effects. The formation of ice in the
extracellular environment can also cause cell damage. When ice fotmasellularly a series

of channels are formed within which cells are held, the width of which decrease with
decreasing temperature thus increasing the mechanical pressure on the(Rapatz, 1966
AshwoodSmith etal. (1988 showed that the initial contact of the cell caused a change in cell

shape and formed a weak spot where blebbing of the cytoplasm wasdeargthawing. Gas
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bubbles were also observed which were probably formed as dissolved gases comé& out o
solution upon freezingCarte, 1961 The mechanical stress from the formation of both
intracellular and extracellular ice can damage the plasma membrane to an extent which is
lethal to the cell. Furthermore, the formation of intracellular ice dathally damage the
membranes of intracellular organell€Bujikawa, 1986Karlsson and Toner, 1996Fujikawa
(1980 used freezdracture experiments and etching studies to assess the effect intracellular
ice coming into direct contact with membranes, thus revealing the structural alterations and

molecular disorganisation.

As ice forms in the extracellular environment this causes the concentration of electrolytes
present to increase, thus raising the ionic strength of the medium and altering the osmolality

of the system. This change in osaliy leads to water leaving the cell along the osmotic
gradient resulting in an increase in electrolyte concentration in the cell. These changes can
lethally damage cell@.ovelock, 1954 Ice formation alters the pH within and without the cells

and causes substances, such as urea or dissolved gases that at normal physiological levels
would not be damaging, to reach toxic levél®velock, 195 ¢tKSasS waztdziaAzy STT.
lead to the denaturation of lipighrotein complexes of which membranes are composed, thus
acting as andter mechanism by which freezing can cause damage. Other mechanisms of
intracellular ice formation (IIF) damage include cytoskeleton rearrangement, chromosome
loss/gain, polyspermy, polygyny and tetraploidy, DNA fusion and rearrangements, dissolution
and rearrangements and denaturation of proteins/enzym@&haw et al., 20Q0Lane et al.,

2000 Eroglu et al., 1998

Cooling and warming rates used in cryopreservation procedures have long been recognised as
important factors with respect to cesurvival. This is mainly due to the relationship between
cooling/ warming rates and IIF. When cells are cooled to a sufficiently low temperature, of
between -5°C and¢l15°C, ice initially forms in the extracellular medium. As there are no
intracellularnucleation centres presernhe protoplasm can theoretically become supmroled

down to -40°C- the temperature at which spontaneous ice formation occ(R&chard, 1995
Optimisation of cooling rates is of great importance. Slow, rather than rapid cooling rates have
been shown to result in the highest cell survival rates. However, if thingorate used is too

slow this can also result in cell damage. When a cell is cooled sufficiently slowly ice will firstly
form in the extracellular environment and thus the vapour pressure of the extracellular

medium will decrease rapidly to a level thes a lot lower than that of the protoplasm.
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Furthermore the formation of ice will change the osmolality of the system. These changes will
result in water leaving the cell along the vapour pressure differential and osmotic gradients.
The rate at which ater leaves a cell is dependent upon a number of factitwes surface area

to volume ratio of the cellthe permeability of the membrane to wateand the temperature
co-efficient of the permeability constar(Mazur, 1963. If the cooling rate is sufficiently slow
this will allow water to leave the cell at a ratieat keeps the protoplasm at its freezing point
thus preventing ice from forming intracelasly. However, if the rate of cooling is more rapid
then water will be unable to leave the cell quickly enough to maintain this equilibrium and ice
will form intracelularly. Due to the absence of any nucleation centres in the intracellular
compartment IIF should theoretically not be possible at temperatures ab&eC(Richard,
1995. Furthermore, the plasma membrane has been shown to act as an effective barrier
against ice in the extracellular environmg@hambers and Hale, 1982A number of possible
mechanisms by which IIF could be induced at temperatures hititear ¢40°C have been
suggested. Mazur (1960 hypothesised that the presence of agueous pores in the plasma
membrane provides a route through which ice ¢ays can grow and seed ice formation
intracellularly. However, temperatures must be sufficiently low for ice crystals that are small
enough to grow through these pores to exist before this is possible. A second mechanism by
which IIF can occur has beeroposed in which the frictional drag of water moving out of the
cell is sufficient to rupture the excellular membrane and allow extracellular ice crystals to
enter the cel(Muldrew and McGann, 1994

Therefore a slow cooling rate facilitate cellular dehydratiois preferable to a rapid cooling

rate. However, if the cooling ratused is too slow this too can have detrimental effects. An
excessively slow cooling rate can result in the cells being exposed to the high solute
concentrations for an extended period thus causing cell danf8gbneider and Mazur, 1984
Conversely rapid warming rates increase the survival rates of céflat have been
cryopreserved. This is due to a process called redhigstiion, in which small crystals that

have formed during the cooling process aggregate upon the increase in temperature to form
larger crystals. Before the recrystallisation process these ice crystals are too small to cause any
damage to the cell, whess, after they are large enough to cause damagach can cause

cell death. If warming rates are sufficiently rapid the small crystals melt before

recrystallisation is able to occ(8chneider and Mazur, 1984
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1.6.3 Cryoprotective gents (CPAS)

Some of the adverse effects of cryopreservation can be reduced with the use of cryoprotective
agents(Lovelock, 1954 Agents used for cryoprotectiocan be divided into two categories

penetrating and nofpenetratingCPAs Penetrating CPAs are able to pass through the plasma

membrane and therefore must be gradually added to the mediin which the cells are

suspended to prevent excessive cell shrinkage prior to the establishment of an osmotic

equilibrium (Meryman, 197) Examms of penetrating CPAs include glycerol, dimethyl

sulphoxide (DMSO) ethylene glycol and propene glyc@Newton et al., 1998 Non

peretratA y3 /t!a INBE dzytofS (G2 LI &a.ickddBsdzddty G KS OSft f ¢
effective and commonly used exampté a nonpenetrating CPAKoshimoto and Mazur,

2002.

The use ofCPAs protect against cryodamage partly via depression of tlezifig point of

water (Wolfe and Bryant 1999). Due to their relatively large molar volume the addition of
CPAs reduces cell shrinkage when water leaves the cell by osmosis during the freezing
procedure (Meryman, 200J. In addition, CPAs protect against cryodamage by stabilising
proteins and membranes at low temperatur@Srowe, 1990) The penetrating CPAMSO is

also a scavenger of free radicdldu and Quinn, 1994 The mode of protection against
cryodamage by nopenetrating CPA is probably via the reduction of the extracellular medium
freezing point. No#penetrating CPAs armost valuablewhen used in combination with
penetrating cryoprotectants by protecting against detrimentally large volume changes by

acting as osmotic buffer@uller, 2004

Theuse of CPAs camowever,be detrimental to cell viability as many commonly used CPAs
have cytotoxic effects. For example, the use of CPAs in the cryopreservation of mature
oocytes has been shown to result in damage to the internal structure of the Eailexample,

the use of DMO as a cryoprotectant when cryopreserving murine oocytes resulted in zona
hardening and disorganisation of the cytoskeleton and plasma memb(@r@inson and
Kirby, 1989. Furthermore, if CPAs are not used at the optimal concentration and/or applied/
removed at the correct rate their use can cause cell shrinkage prior to cryopreservation and
the swelling of cells once they are thawed and returned to hypotonic solutionlgpdsading

to cell lysigPicton et al., 2000 A delicate balance must be struck between ensuring the CPA
has fully penetrated the cell/ tissue and overexposure to cytotoxic eff@desyman, 1971

Note that the degree of cytotoxicity varies between CPAs, for example glycerol is relatively
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non-toxic, however its low penetration rate makes itgesfficient than other more toxic CPAs

with respect to cell survival following cryopreservation of larger cells and tissue.

Newton et al. (1998 found that adding the CPA at a lower temperature reduced the
penetration rate and the level of cytotoxic damage. Reducing the rate of cooling also
decreases the level of damage caused by CPAs however, there must be a compstose a
slow a rate increases the risk of intracellular freeZMgwton et al., 1999a Although glycerol

is a useful CPA when cryopregag sperm, when used during the cryopreservation of ovarian
tissue it produced a much lower survival rate (10%) than other CPAs; DMSO, propylene glycol
and ethylene glycol (580%)(Newton et al., 1995 Therefore it is important to eablish the
optimal cryoprotectant for the type of cell/ tissue that is to be cryopreserved with respect to

permeation rate, toxicity and ice crystal formation.

1.6.4 Cryopreservatn techniques

Standard cryopreservation protocols utilise eithelow freezingor vitrification techniques.
W{t@2Rt Q LINRG202fa NB O2YY2yfeé dzaSR T2NJ (KS
and ovarian tissuéarlsson and Toner, 1998ewton et al., 1996Royere et al., 199@&dgar et

al., 2005. The specifics of the freetlkaw techniques, such as thigype of CPAs used,
warming and cooling rates and seeding temperatures vary with tissue type however the basic
principles remain the samdt should be noted thaévery cell type hs an optimal cooling rate
thatAd RSGSNIXAYSR 08 ( Kifacéafd thvaldme talth SehBdiderrafdA G & |
Mazur, 1984 The cells/ tissue are first incubated in CPA for a sufficienbgest time for
equilibration to occur. Following this the samples are then cooled to a specific temperature at
which manual seeding is carried out. Manual seeding is the process by which some form of
instrument, such as forceps, is cooled in liquid rgeo then applied to the straw containing

the sample thus inducing ice formation. If the samples were left to become highly-super
cooled ice formation would occur spontaneously which is more damaging to the cells and
results in less predictable survivatea than manually inducing ice formation. This is because
when ice forms the solution will briefly increase in temperature then cool again. The lower the
temperature at which ice formation occurs the more rapid the subsequent cooling leading to
rapid cnystallisation thus increasing the risk of cell damage and IIF as cellular dehydration will
not be able to occur at this ratésachenko et al., 2008 Research has shown that using a
seeding temperature close to the melting point of the solution resulted in higher survival rates

of the frozen cell sample@rad et al., 1999 Once the crystallisation has spread throughout
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the solution the cooling process can continue, at a slow rate to reduce IIF. Oroper&ture

of ¢40°C has been reached it is no longer necessary to cool the cells at this slow rate as the
plasma membrane is no longer permeable to water. Thus the sample is rapidly coaed to
temperature of¢196°C, at which it will be stored to prevenhy chemical reactions due to the

lack of thermal energgKarlsson and Toner, 1996

Unlike the freeze¢haw protocols, in which ice is allowed to form extracellularly, vitrification
techniques avoid the formation of ice altogether. Vitrification is the process by which a liquid
enters a glassike solid state upon superooling (Rall and Fahy, 1985 The probability of

vitrification can be roughly defined lilge formula shown irequation 1.1.

Equationl.1

Probabilityof vitrification = (cooling rate mediumviscosity / volume of medi

Thus vitrification protocols requirea small sample volumeincubation with high CPA
concentrations which will raise the viscosity of the solution and therefore raise the glass
transition temperature, thus lowering the probability of ice nucleati@md rapid cooling
achieved by plunging samples into liquid nitrogen or liquid nitrogen gBatagusty andrav,
2011). The use of vitrification methods carry a number of advantages over the use of slow
freeze methods as there is no risk of ice formatisrdehydration damagethe procedures are
quicker, simpler and require less expensive equipment andosraotic stress, solute effects
and chilling sensitivity are all reduced in comparison. However, although using high
concentrations of CPAs does allow exposure time to be reduced this means that the cells will
be exposed to CPAs at more toxic levelsbdihn techniques rapid warming rates are used for
reasons explained ifection1.6.2 Although more research is needed to determine which
method of cryopreservation is preferable there is increasing evidence that vitrificatagnbe
equally effective as slowfreezing for embryo cryopreservation(Loutradi et al., 2008

Wennerholm et al., 2009

1.6.5 The use of yopreservationfor fertility preservation

Tablel.7 summarises the current techniquéisat are used to preserve fertility and highlights
the advantagesind disadvantages of each. Tinéormation in providedTablel.7 shows that

the use of ovarian tissue cryopreservation holds numerous advantages over the other methods



35

of fertility preservation. Earlier studies investigating cryopreservation of Ml andoG&4tes
utilised slowfreezing protocolsseeTablel.7. More recently vitrification is increasingly being
investigated. Survival rates of cryopreserved human @G&ytes have been shown to be
improved by the use of vitrification rather than sldveeze protocols(Zhang et al., 20)1
Investigations using ovingMo et al., 2013, human(Khalili et al., 201 porcine(Rojas et al.,
2004 and boving(Men et al., 200200cytes have shown that Ml oocytes are more tolerant to
the vitrification procedure than GV oocytes, with respect to cleavage, blastocyst formation and
survival rates. In addition the use of a cytoskeleton stabdisech as Taxol, can also improve
these rategMo et al., 2014

Although cryopreservation of ovarian tissue was believed tdheeonly method suitable for
fertility preservation in prepubertal girls there have bespveralinvestigdions in which
oocytes/ COCs from smalhtral follicles wereetrieved from the ovaries of prepubertal girls
andthe oocytesmaturedin vitro (Revel et al., 20Q%asano et al., 20)1 While embryo and
mature oocyte cryopreservation are viable means of preserving the fertility of young women,

seeTablel.7 for details, the main focus of this review is on ovarian tissue cryopreservation.

1.6.6 Ovarian tissue cryopreservation

The use of ovarian tissue cryopreservationfertility preservation in ferales of all age groups

is preferable over the previously discussed methods for a number of reasodetailed in
Table 1.7 There are no major ethical issues associated with the collection and fsiaesge

of ovarian tissues for either young girls avupg women.The vast majority of follicles in
ovarian tissue are at the primordial stage. Primordial follicles have a higher toleraboghto
cryopreservation andautografting as a means of fertility restoratiothan follicles at later
stages. This mape due to their small size, lack of zona pellucida and cortical granules,
metabolic quiescence and undifferentiated stgtdewton et al., 1996 In addition their low
capillary density shows that they are more tolerant to hypoxic conusitithan more developed
follicles (Gosden € al., 2003. It has also been suggested that the meiotic stage at which
primordial follicles are arrested (prophase) should result in fewer cytogenetic errors, and their
prolonged growth phase allow more time to repair sublethal dam@@jeay et al., 1998Kim

et al., 200).



Tablel.7 Utilisationof ayopreservation as a method of fertility preservatiomhistable considerghe advantages and disadvantages of the various ways in which

cryopreservation can be used to preserve fertiligbbreviations: ovarian hyperstimulation syndrome (OHSS).
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Cell type Advantages Disadvantages/ Problems References
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. ) . Versieren et al., 201
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tissue of menstrual cycle blood borne leukaemia and cancers with a high risk of ovarian metastasis et al.,, 1997h Oktay et al.,
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Early investigations have shown that primordial follicles are able to survive the filemze
and autografting process. Histological comparisons of fresh and frtizawed tissue, and
individual follicles before and after freetlkaw have revealed relatively high survival rates
(Newton et al., 1996Hovatta et al., 1996Gook et al., 1999 It should be noted that the
survival rates of primordial follicles are highly dependent upon ®BAused in the
cryopreservation processkurthermore, studies in sheep and humans have shown primordial
follicleswithin slices of cortical tissuare able to survive the grafting proce@éewton et al.,
1996 Gosden et al., 1994More recently the capacityof primordial follicles to survive the
process of whole ovary cryopreservation (WO@R) grafting has been demonstrated in ewes
(Arav et al., 20100nions et al., 2008nions et al., 200Pnions etal., 2013. Studies of the

in vitro growth capacity of ovine secondary follicles post fretzv have indicated that these
follicles have the potential to develop to antral stages over 30 daygtro (Newton et al
199%). Secondaryfollicles recovered following WOCRere also okervedto survive and
exhibit signs of GC proliferatidor 48 hours in culturdollowing WOCHROnions et al. 2008.

The authors, however, draw attention to the fact that in studies in which the follicle
population dynamics are monitored within the graft for an extended period of time growing
preantral follicles show signs of irrevocable damd@®sden et al., 199Baird et al., 1999
However, there is some evidence to suggest that although primordial follicles are
morphologically normal following the freezkaw process there may be some alterations at
the cellular level, with respect to metabolomics and developmental (@i et al., 2000Choi

et al., 2007 ColladeFernandez, 2013 Converibnally, slowfreeze methods are used to
cryopreserve ovarian tissue, with penetrating CHABISQ ethylene gyco(EG)or propanediol
(PROH)in combination with thenon-penetrating CPAsucrose (Hovatta, 200% Human
ovarian tissue cryopreservation protocols have been optimised via experitn@mtanitially
with in vitro culture of frozenthawed tissue, therxenotransplantation insevere combined
immunodeficiency(SCID mice, and hen heterotopic and orthotopic autotransplantatipmo
assess follicle, oocyte and stromal tissue health and sainriates (Picton et al., 2000
Optimisation of orthotopic autotransplantation techniques have resulted in numerous live

births, whichwill be discussed in more detail below.

More recently researcmio the optimisation olvitrification methods forthe cryopreservation
of ovarian tissuéas been conducteflsachenko et al., 2009 Although relatively high follicle
cell and oocyte survival rates have been reportesing slowfreeze protocols, thesurvival
rate of the stromal cells may be improved using vitrificatidtistological aalysis of vitrified

ovarian tissue using electron microscopy revealed improved preservation of ovarian tissue
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morphology compared to tissue that had befazen using slovireeze protocolgKeros et al.,

2009 Hreinsson et al., 2003 In a subsequent study the effects of the use of vitrification o
follicle and oocyte ultrastructural morphology were assedsistblogicallyusing both light and
electron microscopy revealing no differences when compared to-viwified control tissue
(Sheikhi et al., 2011 Detailed investigation of the integrity and lotgrm developmental
competence of vitrified ovarian tissue has yet to be rigorously assessed and proven using

either xenografting or autotransplantation.

Another advantage of the use of ovarian tissue cryopreservation to restore fertility over other
methods isthe fact that tissue is relatively easy and safe to obtain. Tissue can be obtained
laparascopically under anaesthetic; procedures that are of relatively low risk even in infants,

over the age of 3 years o{Bavidoff et al., 1996Weintraub et al., 200}

The main cause of follicle losfllowing freezethaw and autotransplantatioris ischaemic
damage during the grafting process, rather than the cryopreservation procedure (Ltaelét

al., 2002. During the period of ischaemia the tissue is susceptible to damage by reactive
oxygen speciefNugent et al., 1998 It should also be noted that the stromal tissue is more
susceptible to cryanjury than primordial follicles, although this can be redddy the use of

vitrification rather than slowfreeze protocolgKeros et al., 2009

Xenogafting, in which the recipient of the graft is of a different sped®@shat of the donor,

was first used to investigate the grafting of ovarian tissue. Xenografting, of both animal and
human ovarian tissue into immunodeficient animal strains, suchG® $nice, has proved
successfu{Gosden et al., 1994Candy et al., 1995/an den Broecke et al., 200&ook et al.,
2003 Kim et al., 200p Although in the case of human tissue MIl oocytes were able to develop
but with microtubule and chromatin abnormalities. This technique cannot be used to restore
fertility due to the risk of viral transfer across species. However, it hagedra useful
experimental tool with respect to the use of different cryoprotectants, exogenous
gonadotrophic stimulation and reducing ischaemic dam@ggwton et al., 1996Israely et al.,

2006 Israely et al., 200Maltaris et al., 200y
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USES OF FROZEN-THAWED OVARIAN TISSUE AND
WHOLE OVARIES

4 4

Orthotopic Heterotopic Follicle
Transplant Transplant Isolation
Resumption of ‘ Autograft ’ ‘ Xenograft’

I\/Clenlsftr:al ﬂ In vitro
ycheity Growth

Retrieval of

Mature Eggs

Conception ﬂ

In vitro
Fertilisation

Figure 1.6 Diagrammatic summary of the uses of frozbawed ovarian tissue and whole
ovaries. Adapted from(Oktay et al., 1998

Figure 1.6 summarises the potential usesf ovarian tissue with respect to fertility
preservation. There arg methods of autografting, in which the donor and recipient of th
graft are the same individualorthotopic and heterotopiarafting which can be used either
alone or in combination. Orthotopic transplantation is a procedure in which the ovarian tissue
is transplanted to either the remaining ovary or the pelvic region of a patient. Whereas
heterotopic transplantation is a procedura which ovarian tissue is grafted to various other
sites such as the abdominal wall even subcutaneous regions, such as the forearm. In
rodents it has been possible torthotopically transplant frozenthawed whole ovaries,
however due to the larger ®8zof the ovaries and lower follicular density this is more difficult in
larger animals and humans, therefore small pieces of ovarian careensuallytransplanted
insteadof the intact organivon Wolff et al., 2009Grynberg et al., 2002 Most of the cases
reported have used slodireezing cryopreservation techniques, however, more recently
vitrification techniques have been utilised preserve tissue The success of ovarian tissue
transplantation is not only dependent upon graftirgite, freezing protocol and level of
ischaemic damage, but also on tldensity anddistribution of follicles within thefrozen
thawed transplanted tissue, between patients, the age of the patient at the time of tissue

cryopreservation and the size of tigeafts transplantedNewton, 1998.
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Orthotopic autotransplantation has been more often favoured than heterotopic
transplantationin the restoration of human fertilityas ithas the potential toenable natural
conceptionto occur, although assisted reproduction isore commonlyused as an adjunct
therapy post grafting to restore fertility Furthermore, the transplanted tissue will be exposed

to optimal conditions in terms of locally produced factors and levels of mechanical stress and
temperature. The first birth resulting from orthopic transplantation of frozethawed
ovarian tissue was reported Hyonnez et al. (2004 Since then there have been numerous
reports of births resulting from orthotopic transplantation of tiss{deirow et al., 2005
Andersen et al., 20Q8Revelli et al., 2013 The potential of this technique to restore fertility
long-term was first demonstrated when a patient underwent orthoptopic transplantation in
May 2006 and gave birth to two healthy children in June 2007 and November 2009
(Demeestere et al., 200Demeestere et al., 2030 In these cases patients have had sterilising
treatment howeverit is still possible that the pregnancies could have resulted from surviving
oocytes in the native ovary, rather than the graft. However, in these cases the patients have
undergone ovarian failure and the timing of restoration of ovarian function foligvgrafting
corresponds with the time it takes for primordial follicles to initiate growth and reach
maturation stage. Furthermore, a live birth has been reported following the transplantation of
ovarian tissue to a patient who had undergone a bilate@lwrectomy, thusn this casdghe
resumption of ovarian functiomad to be due to the grafted tissuéDonnez et al., 20)2
However,Detti et al. (2012argual that the many cases in which thiotopic transplantation is

not successful go unreportetherefore the overall efficiency of the technology is unknown

Thenature of the heterotopic site used for autograftiogn affect oocyte quality, possibly due
to suboptimal temperatures and incread exposure of the tissue to mechanical stress
(WolnerHanssen et al., 2005Yang et al., 2006 Autografting of fresh tissue to a
subcutaneous site in primates resultedtire development of mature oocytethat were then
aspilated and fertilised using ICSI, resulting in a live Hit#e et al., 2004a Furthermore, in
humans, autografting frozethawed tissue to a heterotopic site resulted in the development
of oocytes that were aspirated, maturex vitro and fertilised, resulting in development to the
4-cell embryo staggOktay et al., 2004 Recently a26 week twinpregnancyhas been
reported following the transfer of 2 embryassulting fromthe IVF of 2 oocytederived from a
heterotopic graft in the anterior abdominatall of a patient who had undergone bilateral
oophorectomy in response to ovarian stimulati(®tern et al., 2013 For the great majority of
heterotopic transplantdhere is however, evidence to suggest that grafting to a heterotopic

site may affect oocyte development as shown by the fact that oocytes reach maturity at a
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smaller size than when orthotopically grafte@ktay et al., 1997a Heterotopic
transplantation has also been used to induce fertility in a young girl who received sterilising
treatment for sicklecell disease (Poirot et al., 2012  Heterotopic ovarian cortex
transplantationmay beuseful in patients in which there is excessive scarring or radiation

damage in the pelvic region.

Heterotopic and orthotopic transplantation are often used in combination and this has
resulted in spontaneous pregnancies. The presence of a heterotopic graft may aid oocyte
development in the orthotopic graft via the increased number of follicles transfemretithe
subsequent improvement in cyclé@emeestere et al., 2006 Similarlyheterotopic graftingn
humanshas also ppmoted oocyte development in a native, atrophic ovary following sterilising
treatment, thus resulting in 4 spontaneous pregnanc{@ktay et al., 2011 There are a
number of theories regarding the mechanism by which this occur@ahtroversiallyDktay et

al. (201) proposed that the production of endocrifgaracrine factors by the grafted tissue
promoted oogonial stem cells from either the bone marrow or native ovary to develop into
functioning mcytes, oralternatively thatthe grafted tissue itselprovided the oogonial stem

cells. Although the theory that oogonial stem cells exist and are able to repopulate the ovary
has been contestedTelfer et al., 2005Byskov et al., 20)%he idea has beesupported by

more evidence from a study carried out lee et al. (2007in which bone marrowderived

stem cells are taken up by native ovaries resulting in the restoration of fertility in rimdeed

the presence of oocyte stem cells in the mouse and human ovary has been demonstrated via
the use of green fluorescent prote{iGFPYWoods et al., 2013 Human oogonial stem cells
engineered to gpress GFP were competent to develop into oocytes when injected into human

cortical tissue and xenotransplanted into SCID r\i¢kite et al., 2012

Finally,ovarian tissue cryopreservation has proven successful in monozygotic twins discordant
for POF. Transplantation of an ovary from the fertile twin to the twin with POF resulted in a

number oflive births oron-goingpregnanciegSilber et al., 2008

Concerns have been raised about the potential increased gkksncer treatmentdo the
offspring of cancer suivors. It was hypothesised that there would be an increased risk of
offspring inheriting genetic abnormalities following the gonadotoxic treatmef their
parents. Howeverthe results of darge study conducted comparing the incidence of genetic
abnamalities in offspring of cancer survivors and sibling contsoiggestedthere was no

increased riskBoice et al., 2003 Another concern is that theffgpring of cancer survivors will
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be of increased risk of developing cancer themselves. However, a large epidemiological study
failed to find a significant link, with the exception of diseases where there is a recognised

familial link(Hawkins et al., 1989

Autotransplantation of tissue back into a patiemay in some circumstancesrry the risk of
re-establishing disease, therefothe techniquewould not be suitable for all patien{fShaw et

al., 1996. Ths risk is particularly relevant to blood berdiseases such as leukaemia and also
to cancers where there is a high risk of secondary metastasis in the-tarly as breast
cancer.In order to minimise th risk of reintroduction of malignant cells with & graft
techniques including histologicahd immunohistochemicalnalysisof the ovarian tissuéave
been developed to detect malignant cells prior to graft{iMeirow et al., 2008 In addition

real time (RT) polymerase chain reaction (PCR) techniques were developed in the
aforementioned study to enable teasyg for minimal residual diseaseGrafting of isolated
cryopreservedollicles is an alternative technique that may enable the restoratiofedflity
whilst avoiding reintroduction of malignant tissue The successful freetleawing of isolated
primordial follicles followed by aggregation into ovarian tissue and transplantation has
resulted in the birth of live offspring in mig€arroll and Gosden, 1993 The use of this
technique in humanss currently under investigatiqgrwith isolated follicles being transferred

to SCID micéDolmans et al., 200Dolmans et al., 2008 Finally, where there is a high risk of
reintroducing malignant cells the only safe option for fertility restoration is to grow failiole

maturity in vitroto facilitate fertility restorationfollowing IVF and embryo transfesgeSection

1.7).

1.6.7 Whole ovary cryopreservation

Due to the difficulties associated with whole ovary cryopreservation, in terms of optimizing
cryoprotectant type and exposure time, ovarian tissue is usually stored as slices. Optimization
of the typeof CPAo use for whole ovary cryopreservatigiVOCP)s challenging because it
must be suitable for the stroma, follicular cells, oocyte and vasculafdmvatta, 200%
However, when grafting, the slices of ovarian tissue are exposed to relatively long periods of
ischaemia, a# takes 57 days in humangr the formation of new vasculatur@sraely et al.,

2004 Israely et al., 2006 This period of ischaemia is a greater factor in determining the
number of surviving foltles than the cryopreservation grerfusion processs(Newton et al.,

1996. In contrast when grafting whole ovaries the existing vasculature is used and

microsurgical anastomosis carried of@nions et al., 2009 There have been a numbef
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successful attempts at transferring whole fresh ovaries in sheep and humans, in terms of
restoration of ovarian functiorfJeremias et al., 200Zourbiere et al., 20QMhatre et al.,

2005 Imhof et al.,, 2006 Laufer et al., 2010 Onions et al.,, 20D)3 Furthermore,
autotransplantation of frozesthawed ovaries into ewes resulted in limited resttoa of
ovarian function and in one case a spontaneous live birth 545 days after transplantation
(Bedaiwy et al., 2003mhof et al., 2006 However, these procedures have lead to a large loss
of follicles, which can be attributed to the perfusion and cannulation techniques, as opposed
to the cryopreservation techniques, as shobthe use of fresh ovary controf®nions et al.,
2009. The use of WOCP as a fertility restoration technique will be discussed in more detail in
Chapter 6.

1.7 Invitro growth of oocytesasa method of fertility preservation

Cryopreservation of ovarian tissue and the subsequentitro growth and maturation of
oocytes could potentially be used as a method of fertility preservation. This method would be
suitable for both prepubertal girJsadolescents and/oung women (Picton et al.,, 2008
Development of culture systems able to support tmmpletein vitro growth (IVG) andn vitro
maturation (IVM)of oocytes would also aid the understanding of the role of growtttdrsin

vivo and the determination of acceptable candidates for this treatment, with respect to, for

example, ag€Smitz et al., 2010

Eppig and O'Brien (199@ere the first to develop a culture systethat wasable to support

the IVGand IVM of oocytes from the primordial stagiea mice Note that IVG refers to the
development of the immature MI oocyt@ vitro, whereas IVM refers to the process by which
fully grown/competent oocytes undergo germinal vesicle breakdd@ivBDand progression

to the MIl stagdn response to GN stimulation vitro. Fertilisation of the resultant mature
oocytes resulted in the live birth of one pup, named Eggbert. Eggbert, however, exhibited a
range of health problems, whicwere likely toresult from epigenett disruption induced by
suboptimal culture conditionDennis, 2008 Furthermore, less than 2% thie 2-cell embryos

so deriveddeveloped tothe blastocyst stage and only 0.5% of embryos transferred resulted in
a live birth. Sukequent alterations to the culture medium and protodohprovements
resulted in improvedsuccessates and a further 59 live birth®'Brien et al., 2003 Due to

the larger size and longer growth period of oocytes in larger mammals and humans it has
proved difficult to adapt theseodent culture systems to suit these species and work is still
ongoing (Picton et al., 2008p {AyO0S GKS IIR@OIyOSa YIRS oe@

9 L.
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lot of research into the optimisation of IVG and Ndystems. Details of investigations, which
have providedthe evidence and knowledge needed to continue this process of optimisation
are shown inTable 1.8 and Table 1.9. It is important to note that the culture systems
developedmust be optimised for both fresh and frozghawed tissue, as the latter is more

therapeuticallyrelevant for treatment of iatogenic infertility(Smitz etal., 2010.

1.7.1 Optimisation of IVG cultureygstems

The @timisation offollicle culture systems is of high importance, not onlyingorove success
rates but also to ensure the health of the resultant offspring. When developing a culture
system the culture media composition, pH, temperature, oxygen tension as well as the method
of follicle culture must be considered. There is cotifiy evidence regarding the optimal
oxygen tension for follicle culture. Some authors have advocated the use of low (5%) oxygen
tension, presenting evidence that low oxygen tension improved growth and differentiation
rates of sheep folliclem vitro (Cecconi et al., 199. In contraststudies performed bylin et

al. (2007 showed that low oxygen tension usage led to reduced rates of antral cavity
formation compared tofollicles grown in 20% oxygen. Similarly, the use of 5% oxygen in
mouse preantral follicle culture prevented antral cavity formati@mitz et al., 1996
Furthermore, culturing follicles in hypoxic émnments increased the rates of chromosomal
misalignment and precocious oocyte release and germinal vesicle breakdown i(Smiite et

al., 1996 Hu et al., 200

Regulation of the temperatures to which ovarian follicles and oocytes are exposed, during
transport to the laboratory, tiage processing, tissue culture and media changes, is important.
Regulation of tissue temperature following collection and transport to the laboratory is often
challenging. The temperature at which tissue is processed is often sizpeesic, with
resped to body temperature(Telfer et al., 2008McLaughlin and Telfer, 201Bewton et al.,
1999h. This applies to the temperature during follicle culture and media changes also.
However, in some culture systems tissue is processed at lowgrderures (4°C). Processing
the tissue at a lower temperature increases the efficiencydiferential staining usinghe
viability stain neutral red dye(Chambers et al., 20)0 Culture of ovine follicles following
processing at 4°C did not have a detrimental effect on follicle growth deweklopment.
Furthermore,Lucci et al. (2004showed that storing bovine preantral follicles at 4°C for 18

hours did not result in morphological damages assessed by histological analysis



Table 1.8 Culture Systems for thim vitro growth of early preantral folliclesDetails concerning the nature of the culture system, species and results are
shown. Abbreviations; mouse (M), human (l8heep ($ cow (O, nonhuman primate (B)primordial(prd), primary (°), secondary (3, preantral (PA)transitional
(trans) insulin, transferrin, selenium (ITSpjoliferating cell nuclear antigen (PCNA)

Details of follicle culture Follicle stage at star Culturelength Results/ extra information References
system(species) and end of culture

Isolated follicleculture within  Prd/ER>1° 7 days Isolated using enzymes (Liberase and collagenasdarge (Amorim et al.,
alginate beads, seruthased numbers of viable follicles Large numbers of follicles w 2009 Vanacker et
(H) able tosurvive and grow using this culture system al., 201}

Isolated follicles cultured or Prd 24 hours Follicles cultured within collagen gels grew over the 24 h (Abir et al., 2001
matrices composed o} period

collagen, ECM or poly
lysine, serurrbased(H)

Cultured lectin-aggregated Prd 28 days Follicles grew andxhibiteda 50% survival rate (Muruvi et al., &
follicles serumfree (§ 2005
Cortical slices cultured ol Prd2°> latePA A1 days Follicles cultured on inserts paoated with ECM showe( (Hovatta et al.,
ECM coated insertsserum- increased rates of viability compared to uncoated inserts 1997
based(H)
Whole ovary serumbased Prd>mature 8 days (organ culture) One resultant live birth, Eggbert, however, <2% ofel (Eppig and O'Brien
(M) oocytes ¢ fertilised then 14 days (isolatec embryos developed to blastocyst stage and only 0.5% 1996 Eppig and
->birth of a live pup COCs)VM embryos transferred resulted in a live birth. Eggb O'Brien, 1998

exhibited health problems, including ‘obesity ai
neurological abnormalities'.
Whole ovaryserumfree (M) Prd>mature 8 days (organ culture) Modifications to the culture medium used resulted (O'Brien et al,
oocytes> fertilised further 6+8 days (chang increased rates GVBD in oocytes, cleavagedelstage and 2003
->birth of a 59 live in media composition) live births
pups>adulthood (isolatedCOG), IVM
Cortical sliceculture, serum- Prd->transitional 6 days Cortical pieces were cut into pyramid shapes ¢ (Telfer etal., 2008
free (H) mechanically loosenedrollicles isolated afterortical culture
were competent to develop up to the antral stage




Table 18 (continued)

Details of follicle culture Follicle stage ai Culture length Extra hformation References
system(species) start and endof

culture
Cortical slice culture serum Prd->2° XHn RI&a Compared the use of ITS+ vs. serum. Cortical slices cultured i (Wandji et al.,
free (P) absence of serum exhibited higher rates of primordial follicle activati 1997)
Cortical slice culture serum Prd->1° Kdays Utilised PCNA staining to distinguish between quiescent and activ (Wandji et al.,
free © follicles 1996bh
Cortical slice culture serum Prd->2° XMp RI@&a Compared the use of ITS+ vs. serum. Cortical slices cultured i (Wright et al.,
free (H) absence of serum exhibited significantly lower rates of atresia, g 1999

significantly larger and were responsive to FSH

Cortical sliceculture, serum Prd->PA 8 days Investigated the use of NR dye as a viability stain (Chambers et al.
free 2010
Cortical slice culture serum Prd>EA 18 days Compared the use of a control, constant and sequential medium (Peng et al., 2010
free ©

Cortical slices cultured on EC Prd>data not XXmn RI &

coated insertsserumfree (H)  shown

x

Compared tissue preparation methods (slices vs. cubes), ECM d¢ (Scott et al.,
and ECM composition.Qubed tissue appeared optimal dke % of 20049
viable folltles was higher than in slices of tissue

Cortical slice culture serum Prd>Trans 6 days
free (§

Cortical pieces were cut into pyramid shapesd mechanically (McLaughlin and
loosened. Fdbdwing cortical culture and isolation follicles wer Telfer, 2010
competent to develop up to the antral stage

ov



Table 1.9 Culture systems for tha vitro growth of preantal antral stage follicles.Details of the nature of the culture system, species and results are shown.
Abbreviationsmouse (M), human (H), ovin8Y, bovine () nonhuman primate (P), primordial (prd), primadf], transitional (T) secondary (2°), preantral (PA).

YA%

System Follicle stage ai Culture Isolationmethod Attachment or non Results/ extra Information References
the dart and end length attachmentbased
of culture system
Serum 1°/2°(85m n mp 16 days Mechanical Attached - lost 3D Cultured inV-shaped wells in media covered by a layer of (Cortvrindt
based (M) structure The oocyte, GC and TC remained functional with resfiec et al.,
steroid hormone production 1996
PA->antral (S) 6 days Mechanical Non-attachment Significant increases in size and antrum formation, enhan (Cecconi et
based by the addition of FSH and low oxygen tension al., 1999
PA(30-70>m)(Q 30days Mechanical (grating Attachment based Follicles cecultured with bovine somatic cellsFollicles able (Itoh and
device) enzymatic to survive and grow when ecultured with mesenchyma Hoshi,
(collagenase) cells 2000
1°> Graafian, 5 days Mechanical Nonattachment Fertilisation was only successful in IVG oocytes culture (Spears et
then fertilised (M) (IVG) based medium supplemented with FSltansferrin and 5% serun al., 1994
14hours alone. The addition of insulin, sodium pyruvate a
IVM glutamine slowed growth. Serum substitution for BSAP
hardening
Serumfree  2°(150>m)-> 6-7 days Mechanical Nonattachment Group and individual culture of follicles was comparc (Nayudu
antral (M) based (follicles individual culture resulted in improved growth rate and
cultured on Millicell Formation of antral cavities anB2production resulted when Osborn,
inserts) follicles were cultured with hFSH 1992
Trans/2{100 8-12 Mechanically Non-attachment Antral follicles were competent to resume meiotic (West et
180>m)->antral days isolated based. Encapsulate maturation. The mechanical stiffness of the support mai al., 2009
(M) follicles in  sodium used needs to be optimized to allow differentiation of t
alginate matrix follicles. Evidenced by the fact that the stiffness of the ma
altered the steroid hormone output of thelflicles
2° (COCs) 190 30days Enzyme Nonrattachment Follicles formed antral cavitiesthis was enhanced b$N (Newton
240>m-> antral (collagenase  anc based supplementation of the medium et al.,
€] DNase) 1999hH




Table 19 (continued)

System Follicle sage at the Culture Isolationmethod Attachment or non Extrainformation References

start and end of length attachmentbased

culture system
Serum 2°(2%0-0 n mKP) 30days Mechanically Non-attachment Supported the growth and steroidogenic function of follicle (Xu et al.,
free isolated (using based. Encapsulatec Growth was enhanced by the addition of FSH alone, 2009

needles) follicles in alginate comparison to FSH and LH
hydrogels
2°(125H H mp 40 days Enzymatically Nonrattachment Antral follicles were competent to undergo oocyte meio (Xu et al.,

->antral (P)

isolated
(collagenase and
DNase) then
needles were used

based. Encapsulatec
follicles in sodium
alginate matrix

maturation. 20119

Trans (66132>m)
->antral (H)

6 days Mechanicaly

(cortical) isolated from

+ 4 days cortical tissue

(PA following culture
(using needles)

Non-attachment
based

Follicles cultured in the presence of activin A exhibii (Telfer et
enhanced growth and survival rates. Furthermore the use¢ al., 2009
activin A resulted in antrum formain and normal
morphology in 3@ of the follicles

8y



Table1.10 Gommonly used additives ifollicle culture systems.The mechanism by which the additives support and promote follicle and oocyte growth and

developmentin vitro as well as the species in which these additives have been used are summadidgedyiations: human (H), ovine (O), mouse (M), bovine (B)

progederone (P4), basement membrane (BM), extracellular matrix (ECM).

Additive

Mechanism

Extra Information

Reference(s)

Insulin

Promotion of follicle activation and survivi
via the promotion of the uptake of glucos
and amino acids by cells (H,0,B)

Commonlyused in combination with transferrin and seleniur
Supplementation of medium with TS+ alone did not result
follicle activation (B) but did provide a useful system to exarr
the effects of other growth factors, such as KL

(Czech, 1985 Louhio et al., 2000
Muruvi et al.,, 2009 Newton et al.,
1999hH

IGF1 and IGR2

Enhane follicle survival and proliferation
Promote P4 secretion via promotion of FSI
expression (H,0)

When used in combination with insulin increased the number

growing follicles after 14 days culture. Effects are stggecific

(Monniaux andPisselet, 1992Newton
et al., 1999alouhio et al., 2000

Transferrin

Facilitates transport of iron to cells in cultul
(H,O,R)

(Demeestere et al., 200%0uhio et al.,
2000 Newton et al., 1999

Sodium selenite

Protects against oxidative damage via
incorporation into selenenzymes (H,O,R)

(Hreinsson et al., 2002

GDF9

Promotion of follicle viability, survival an
development (H)

(Telfer et al., 2008V cLaughlin and
Telfer, 2010Thomas et al., 2003
McGee et al., 199Mizunuma et al.,
1999 Smitz et al., 1998

Activin Promote follicle growth and developmen Effectsare species andtage specific
(H,0,B,R)

cGMP Promotion of growth and development (H,R' Anti-apoptotic, promotes AC formation in larger follicles (McGee et al.,, 1997 Scott et al.,

2004h

cAMP Promotion of follicle growth, developmen Effects are species and stage specific (zhang et al., 20QHartshorne et al.,
and surviva(H,R) 1994)

Ascorbic Acid  Promotion  of  follicle  survival anc Promotes BM formation by increasing production of Mat (Telfer et al., 2008Peng et al., 2010
enhancement of BM integrity (H,O,R) Metalloproteinase2 (MMPR2) and Tissue Inhibitor o Murray et al., 2001

Metalloproteinasesl (TIMPL), key enzymes fa&CMremodelling
Pyruvate Energy source for the oocyte (H,O,®p Somatic cells preferentially use glucose (in basal medium) a (Roberts et al., 20Q2Harris et al.,

oxidative metabolism

energy source

2007, Harris et al., 2009

6V
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1.7.2 Culturemediacomposition

Basal culture nedia

Commonly used basal culture media include alptaM (mouse(Spears et al., 1994ovine:
(Newton et al., 1999h human:(Abir et al., 1997Hovatta et al., 1997Scott et al., 2004a
2 @Y2dzi KQA Y S(Rppigzahd O'BridndZE0S$6Brien et al., 2003 ovine: (Muruvi

et al., 2009, human:(Wright et al., 1999+ Yy R a O/ 2@ Q& p | (ThshaRétdtyY 02 FAYySY

2003 Telfer et al., 2008 A summary of additives commonly used in IVG systems is given in

Tablel.10, some additives will be discussed in more detail later in the text.

Use of grum

In the earlystudies basal media was commonly supplemented with serum. Serum contains
numerous components that aid follicle growih vitro including albumin, precursors for
A0SNRPAR oO0AzaeyiKSarazr WLINRGISAYyazI FYAy2 | OARAX
extt OSf € dzf I NJ Y I (i (Rikteh etOa2.,YAQEBY SlgvéverQ due to its complex
composition it is difficult to assess the effects of different additives on follicle development.
Furthermore, seum has been shown to have deleterious effects when used in both mouse
and sheep embryo culture media leading to fetal overgrowth syndrome and alterations in
behaviour, caused by aberrant imprintifyoung et al., 1998FernandezGonzalez et al.,
2004). In additionWandiji et al. (199¥suggested that serum contains components which are
inhibitory to the activation of primate prgranulosa cells. Culture systems in which serum has
been replaced bynsulin, transferrin and seleniunil{§ and a source oflaumin (e.g. bovine or
human serum albumin (BSA/HPATS+have been developed. In the aforementioned study
although the use of serum resulted in a greater increase in follicle diameter after culture the
rates of follicle activation and development tatér stages were lower than when ITS+ was
used as a substitutéWandji et al.,, 199¥% Furthermore, culture of primordial and primary
human follicles in media supplemented with ITS and HSA were larger, more developed and
showed fewer signef atresia than those cultured in media supplemented with seXUvnight

et al., 1999. In addition, culture of ovine secondary follicles in the presence of serum resulted
in follicle collapse as opposed to those cultured serumfree meda in which follicles
maintained their 3D structurdNewton et al., 1999h Numerous studies have shown that
follicles are able to survive and grow in serfn@e culture systems, se€ablel1.8 and Table

1.9. Early investigations conducted in mice revealed that use of sdreenmedia resulted in

ZPhardening, a large decrease in both the percentage of inseminated ova that underwent

(o]}
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cleavage to the 2ell stage and the percentage that progressed to the blastocyst stage.
However, the addition of fetuin to the serufree meda reducedZPhardening and improved
cleavage rateg¢Eppig et al., 1992 Furthermore, supplementation of the media with ITS was

necessary to maintain high levels of follicular integrity.

Adivin A

Activin A is an additive of particular interestthe effect of activin A on folliclgrowth in vitro

has been investigated in a number of mammalian species. Studies in rodents have provided
evidence thatactivin A stimulates preantral follicle growth and differentiation, with respect to
FSHnduced inhibin and2production, antrum formation and other aspects of maturatiam,

vitro (Smitz et al., 199&hao et al., 201, McGee et al., 2001 McGee et al. (2001showed

that the growth seen in the preantral follicles was due to an increase in cell number and that
activin A did not appear to have any apoptesiducing effects. Whereas in the study
conducted by(Smitzet al., 1998 activin A appeared to h& a detrimental effect on follicle

survival.

Activin A has also beeshown to promote the growthand survival of caprine primordial
follicles cultured within cortical tissue pieces, and isolated primary foll{Sibga et al., 2006

No effects were sen with respect to primordial follicle activation. Although the effects of
activin A were blocked by the addition of follistatin in primary follicle culture the same effect
was not seen with the primordial follicles. The authors suggest that thigig tik be due to

the concentration of follistatin being too low resulting in incomplete blockage of activin A
(Silva et al., 2006 More recently activin A has been shown to promote the growth and
viability of feline preantral folliclei vitro (Wongbandue et al., 2033 In this study theffects

of thyroxin were also investigated and found not to be beneficial.

Telfer et al. (200Bhave developed anin vitro culture system in which human primordial
follicles were activated within cortical tissue then isolated and cultured in the presence of
activin A. The inclusion of activin A in the culture media promoted growth and antrum
formation in preantral follicles.This group conducted a similar study using bovine ovarian
tissue in which activin A and FSH inclusion increased oocyte and follicle growth, antrum
formation and initiallyE2secretion, although this final effect was not sustained after the ninth

day of wlture (McLaughlin and Telfer, 201 However, in neither the bovine ndihe human



52

study was follistatin used to determine whether these effects were reversed, which would
have providedmore convincingevidence that the aforementioned effects were due to the

presence of activilA. Notealsothat in both of these studies neither activin A nor FSH was
added during the initial cortical culture period, rather they were added following follicle

isolation.

The effect of ativin A with respect to then vitro culture of ovine ovarian follickehas been
studied(Thomas et al., 20Q3 Culture of isolated preantral folliclas the presence of activin A
promoted follicle growth and increased oocyte diameter. As in the bovine investigation activin
A initially increasedE2 secretion;however this effect was not sustained after the second day
of culture. No effect was seen ontamm formation or follicle survival. Thus activinn#ay

promote follicle growth but not differentiation of ovine preantral folliclés vitro.

Gonadotrophins; FSH and LH

As previously mentioned gonadotrophic stimulation of follicle development is not essential
until the EAstage, however, gonadotrophins play a permissive role at eddikxle stages, as
illustrated by numerousn vitro studies. FSH has been shown t@rmpte the growth and
differentiation of rat preantral folliclegMcGee et al., 1997 In the sheefi-SH promotes antral
cavity formation in ovine secondary follicles vitro (Newton et al.,19999 and has been
shown to promote GC proliferation in smalkgbmm) and large follicleis vitro (Campbell et

al., 1996, FSH stimulates the growth of large ovine antral folliaghegivoalso (Picton et al.,
2000. In the aforementioned study in which vitro-derived transitional bovine follicles were
cultured to theEAstage, FSH was shown to promote follicle growth in the presence of activin
A (McLaughlin and Telfer, 20L0 Furthermore, survival rates of secondanon-human
primate folliclesin vitro were increased when high or medium concentrations of FSH were
used in the presence of fetuin and 5% oxygetu et al., 2011a In this study FSH levels were
also shown to affect steroidogesis as high levels (15ngh)lincreased theproduction of
androstenedione(A4) E2 and P4 The athors suggesd that this may be due to the

premature differentiation of GCs.

More research is required to determine the optimal stage at which FSH shoalddeel to the
IVG gstem andalso to define theoptimal concentrationto be used These effectsnay be

speciesspecificaswell as beinglependent upon otheradditivesin the culture system. This is
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evidenced by the fact that FSH has some studiedyeen shown to be detrimental to the IVG

of follicles, at specific stages of development. For example, although the development of
mouse secondary follicles ESHdependent, high levels of3H, of greater than 25mIUritlled

to a reduction in follicle swival rates in serumfree culture media(Kreeger et al., 2005
Furthermore, the addition oéither 10- or 100mIUmI* FSHo serumbasedmedia, during the

in vitro development of norhuman primate follicles from the preantral 8Astage has been
shown to have detrimental effects on the oocyt&C interactions and the meiotic spindle
structure(Xu et al., 2011p

Evidence is emerging that a sequential culture system in which the concentrations of specific
GNs and GFs are adjusted at specific points in tiftere period may be optimalPeng et al.
(2010 investigated the effect of FSH on thevitro development of ovine preantral follicles.
In this studythe use of a control, constant and sequential nsedias compared. In the
sequential medi increasing amunts of FSH andepidermal growth factor EGF and
decreasing amounts of GBFand bFGF were used. Use of the sequential avediulted in
the progression of primordial follicles to tHeAstage. Antral follicles were also found in the
control and constat media but these were abnormal. Furthermore, the percentage of
secondary follicles and the growth of primary and secondary follicles incred3elgstino et
al. (2013 conducted a studyvhich also supports the use of a sequential culture raed this
study caprine secondary follicles were cultured in the presencecoédasing concentrations of

FSH, this promoted follicle survival, development and subsequent rates of meiotic resumption.

The question of whether LH should be added in combination with FSH or in a sequential
manner is one that remains to be answered. ke taforementioned study conducted by
(Newton et al., 1999pthe addition of5SngmlI* LH to the culture medj containing0.1ngmt*

FSH, did not affect the rate of antrum formation in ovine secondary follicles. However, LH did
affect thesteroidogenic activity of nochuman primate preantral folllesin vitroin that A4 and

P4production increased in response to its addition to the culture raédu et al., 2011a

1.7.3 Follicleisolation method ¢ mechanicalvs. enzymaic

Follicle isolation can be achieved via enzymatic or mechanical means. Isolation of follicles by
mechanical means requires the use of needles, scissors, forceps or mesh filters. Viable follicles

competent to survive culture have been obtained from mausvine and human ovaries using
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these methodgqSpears et al., 1994Amorim et al.,2000 Abir et al., 199Y. However, isolation

of follicles using mechanical methods alone, particularly in larger mammals and humans in
which ovarian stroma is tougher andome collagenous than that of rodents, can result in
lower yields when compared to enzymatic methad®lfer, 199¢. The age of the animal from
which the ovary is obtained can also affect how méollicles it is possible to isolate as follicle
density reduces with advancing age astdomal tissue becomes increasingly tough. Enzyme
isolation istherefore often used in combination with mechanical methods resulting in greater
follicle yields howeverthe use of enzymes results in the loss of the basement membrane and
theca cells, which could be avoided by using solely mechanical metNagisdu and Osborn,
1992 Telfer, 1996Newton et al., 1999pb

Nicosia et al. (1975wvere the firg to show that structurally and functionally normal follicles
could be enzymatically isolated from the ovaries of rabbits, using collagenase. Collagenase has
been used in numerous studies and enabled the isolation of follicles competent to grow and
develm in culture from both ovindNewton et al., 1999bNandi et al., 2008and human(Abir

et al., 2001 Amorim et al., 200povaries. However, it should be noted that in the latter
mentioned study there was an increase in the number of lipid droplets in the granulosa cells
relative to nonisolated controls, indicating that the hehltof the follicles may have been

compromisedAbir et al., 2001

Liberase an enzyme originally shown to improveet quality of human pancreatic islet
isolationwith respect to their anatomical integrity and viability compared to collagenhas,
alsobeen used in follicle isolation protocols from human ovarian tigirgetsky et al., 1997
Dolmans et al. (2006resnted evidence that favoured the use of Liberase over collagenase.
They showed that although the follicle yield following ovarian tissue digestion using Liberase
was lower than when collagenase was used, the proportion of viable and morphologically
normal follicles was higher. The authors attributed this to the fact that collagenase contains
higher levels of endotoxins than Liberase. However, in a more recent study by the same group
conflicting evidence is presentédfanacker et al., 20)1 In this study there was no significant
difference in the percentage of viable follicles, isolated using either collagenase or Liberase,
before or after 7 days of isolated follicle culture. As Liberase does not digest the tissue as
effectively as collagenase and collagenase may cause more morphotiagitade a mixture of

both enzymes may be preferablristensen et al., 2031 It should be noted that the

preparations of collagenase varied between studiescolmclusionthe type and concentration
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of the enzyme(s) used and the length of exposure time must be optimised to ensure sufficient

follicles can be isolated witholitreversiblydamaging thestructural integrity of thefollicles.

1.7.4 Isolated vs.n situculture

Hovatta et al. (199Pshowed that the isolation of primordial, primary at@nsitional follicles
conferred no advantage oveénm situculture (within slices of cortical tissu@f follicles at these
developmental stages. However, at later developmental stages follicle growth is inhibited
possiblyby the surroundingovarian tisue and therefore follicle isolation is requir@dovatta

et al., 1997. Indeed numerous researchers advocate the use of a nmsikp system in which

the first phase of culture is carried oin situ (Eppig and O'Brien, 199®icton et al., 2000
Telfer et al., 2008Picton et al., 2008 Culturing the primordial follicleim situ provides an
environment that more closely resembles the ovarywivg in terms of the locally produced
factors, and maintenance of oocytganulosa ell interactions which are important for their

continued growth and maturatio(Picton et al., 2000

There are various methods by which primordial follicles can be cultarsidu. These include:
chorioallantoic membranggrafts, whole ovary and cortical slice culturdt is possible to
maintain the viability ofbaboon andcow primordial folliclesusing the chorioallantoic
membrane of chick embryodyut there was no development past the primordial stage
(Fortune et al., 2000 However, if the pieces were then transferred to sernee media the
follicleswere activated and developed to the primary stg@rshman et al., 2002 The use of
this culture system led to the elucidatiaf the inhibitory role of AMH o follicle activation
(Gigli et al., 200p Therefore thein ovo method may beuseful for studying regulators of

primordial activation

The most commonly used method of situ culture is the use of whole ovary or ovarian
cortical slice culture. Whole aw culture is suitable for rodents (s@ablel.8 for examples)

it is not suitable for larger mammals and humans as the ovaries are larger and therefore
nutrients and metabolites cannot permeate the tissue sufficientlyvitro. This can @&
overcome via the use of thin cortical slices whilst still providing sufficient support to maintain
the native architecture of the follicléGosda, 1998. Therefore in these species cortical slices
are utilised, allowing the architecture of the follicles to be maintained during the culture

period. Cortical slices have been utilised for the IVG of primordial follicles in various species
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some ofwhich are detailed infable1.8. Semipermeable membranenierts are utilised in
some systems (e.gCchambers et al. (20)Dto ensure that the cortical slices apaverd in a
sufficient volume of medium with respect to provision of growth factors and hormones
without the diffusion distance for oxygen being too gré@evine et al., 2002In the systems
RSOSt2LISR o0& ¢St FSNRa fFo0o2NF 2N O2NILIAOKE GA&aads
reduce the amount of maulla present, as the authors hypothesise this will reduce the
concentration of medulladerived inhibitory factors. As previously mentioned once follicles
reach the transitional/ secondary stages of development further growth is inhibited, thus
follicle solation is required. Although it should be noted tliRegng et al. (200)Qeported that
follicles were able to develop up to tHeAstage in ovine cortical tissue culture. In order to
increase the efficiency of IVG systems the tissue selected for cultureldstbe relatively
follicle-rich. Chambers et al. (20)@leveloped the use of neutral red dye as a method of
identifying viable follicles prior to culturend of guesstimating viable follicle densit§thout
compromising thesubsequentevelopmenal competence of the follicles. Follicles deriviad
vitro ushng the system developed BielfelQ @boratory were competent to develop to thHeA
stage following isolation and individual cultu(&elfer et al., 2008McLaughlin and Telfer,
2010.

Use of extracellular matrices (ECMs) and supporting hydrogels

Although there may be no direct advantage to isolating small preargraivingfollicles rather

than culturingthem in sity, isolated culture enables further investigation of the optimisation of

IVG systems as the system is more easily manipulated. The use of isolated culture of follicles
at all stages is a useful tool for the investigation of growth factors and mechanisoigdad in

in vivo growth and development(Devine et al 2003. Therefore research into the
optimisation of IVG culture systems that are able to support the growth and development of
isolated follicles at both the earlier and later preantral follicle stages is important. Isolation of
follicles results irthe loss of the physical support provided by the ovarian stroma. Therefore in
order to overcome this; researchers have developed the use of ECMs and gels in IVG culture
systems. Gels must provide sufficient rigidity to promote the maintenance of coG@e
interactions, but without being too rigid and inhibiting follicle grow8mitz et al., 2010 The

gel must also be permeable to the culture media and factors produced by the follicle. The gel
must be supportive and adhesive to follicles, but not todeslve or this may cause somatic
cells to migrate away from the oocyte. The use of gedy beparticularlyrelevantto the

culture of follicles from larger mammals and humans as the time frame of follicle growth and
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development is much longer than in rewts and therefore it is more difficult to prevent
follicle attachment and resultant loss of integrity during these extenddtlre periods. Smitz
et al. (2010 also suggests that pressures exerted on the follicle by the EBGMoas it grows

may affect the release of paracrine factors via alterations to actin organisation.

Collagen and lectin have been used as ECM componsetsTable1.8). More recently,
researchers have used alginatas a gel composite. Alginate hydrogels have been shown to
maintain the ultrastructureof folliclesin vitro with respect to the general morphology and the
oocyte- GC interactiongPangas et al., 2003 Xu et al. (200pshowed that alginate gels could

be utilised for culture of noiuman primate secondary follicles allowing continued follicle
growth and development and supporting steroidogenesis for up to 30 days. The development
of this system has enabled further elucidation of the requirements of follicles in IVG systems,
with respect to, for example, the effects of GNs and GFs and oxygen tdiXsiat al., 2010

Xu et al.,, 2017a Furthermore, this system has been used to compare cryopreservation
methods, revealig that vitrification methods may be useful altenative to slowfreeze
methods with respect to subsequent follicle survival rates in cujtae well as steroid

hormone production and antral cavity formatighing et al., 2011

The development of a hydrogel that is modulated, with respect to its coritiposand
therefore its rigidity, by the follicles it encapsulateas been reportedShikanov et al., 2009
Shikanov et al., 200). In ths system a fibrirg alginate-interpenetrating network (FAPN) is
used. As the follicles grow the fibrin component of the hydrogel is degraded by plasmins
produced by the follicle, thus allowing the follicle to increase in size. The alginate component,
however, is biologically inert and therefore is retained and continues to support the follicle.
The level of fibrin degradation can be regulated by the addition of plasmin inhibitor, aprotinin,
to the culture meda (Longstaff, 1994 The authors suggestedahthis would provide the
follicles with a more physiologically relevant environment as it would mimic the reduction in
rigidity experienced as developing follicles migrated from the tougher cortex to the less tough
medullary interior of the ovary. The ef the FAPN hydrogel resulted in a significantly
greater percentage of meiotically competent oocytes developing from secondary follicles in
mice, than the use of a gel composed of solely alginate. It should be noted th&iagelsot

only been used br isolatedfollicle culture but can also be utilised for cortical slice culture.
Kedem et al. (20D1lreported that the use of an alginate rather than gel ECM forthe

culture of human primordial follicles with cortical slicesand that thisresulted in higher
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activation rates. However, a recent study in Human primates reported that the use of an

alginatefibrin gel was only optimal for follicleat the primary stage and conferred no
FRGFyGF3asS (G2 GKS OdzZ Gddz2NB 2 Fgroatls GRrgidodenNsBis, 2t f A Of S &
lal k@FaodzZ  NJ SYR2GKStE AT INRBogGIK FlI @uzth,0+29DCO LINE
2013). Converselya recent investigation has provided evidence that the use of alginate as a

ECM may adversely affect the developmental competenci ofitro-derived oocytes as an

increased incidence of spindle defects, chromosome misalignment andcalogranule

biogenesis errors were observed when an alginate gel system was used to culture mice follicles

(Mainigi et al., 2011 Therefore the development of alternative ECMs may be necessary.

Although it should be noted thaXu et al. (2011jreported a normal meiotic spindle structure

of baboon MIl oocytes derivedh vitro, as long as FSH was not present in the medium.
Hyaluranorbased gels have been proposed as an alternative to algifieai et al., 2012

Hyaluronan isa naturally occurring ECM component and is modifiable with respect to its

rigidity. Although the use of hyaluronan alone and in combination with Mattigsl been

shown to support the IVG of mouse follicles, the rate of progression to Mll stage was less than

that observed in control cultures. The authors suggest that a more dynamic environment,

such as the FPN described above, may be needPasai et al., 2012

The aforementioned studies relate to the culture of transitional/ secondstgged preantral
follicles. More recently a culture system that supports the survival and growth of baboon
primordial/ primary folliclesn vitro has been reportedHornick et al., 2012 In this system
enzymatically isolated follicles are encapsulated in2¥% alginate gels, with 2% algiaat
optimal with respect to the follicle survival and maintenance of follicle morphology. Use of
this system for the culture of mouse primary follicles revealed the positive effects of the co
culture of follicles with respect to the growth and survival dfi€les resulting in the formation

of meiotically competent oocytefHornick et al., 2013 The authors suggest this is due to

exposure of the follicles to paracrine factors secreted by the other follicles-éultare.

At the later preantral stages it is possible to prevent attachment to the culture surface and
maintain the 3D structure ofhie follicle without the use of gels (mousé/est et al. (200)
sheep;Newton et al. (1999pand Picton (2002 human;Telfer et al. (2008 Initial work was
carried out using rodents, howeveras the GCs of ruminant and humans remain
morphologically and steroidogenically similar to cellsivoas opposed to forming fibroblastic

phenotype, maintaining the 3D structuie vitro has proved easier in these spec{@scton et
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al., 2008. Examples of 3D, neattachmentbased systems are stvn in Table1.9 with details

of the extra steps required to prevent attachment detailed if necessary.

An alternative approach to culturing isolatgateantral follicles is the use of either 2D,
attachmentbased systems (se€able1.9; mouse;Cortvrindt et al. (196), bovine;ltoh and

Hoshi (2000 Although there has been some success using 2D culture systemsse of3D
systens confers many advantages. As previously mentioned the maintenance of eG€yte
interactions is of great importance to the continued growth and developimz both the
oocyte and somatic components of the follicle. When a 2D culture system is used the follicle is
allowed to attach to the culture surface thus losing its native architecture and potentially
disrupting these interactions. Whereawhen 3D ciiure systems are used oocyeC
interactions are more likely to be maintained. This is of particular importance in the IVG of
larger mammals and humans as these follicles require a much longer peratthin maturity

in vitro.

Culturetimescales; acceleratedvs. protracted

As detailed earlier in this chapter the process of oocyte and follicle developmeivois long

and protracted. Whether it is necessary fowvitro systems to follow a physiologicaliglevant
timescale or if a much more accelerated system would be suitable is a potfisafssion
betweenresearch groups. The growth and development of both bovine and huoilicles

from the primordial to theEAstage has been achieved using a tatep system after culture
periods of 12 and 10 days, respectiv§Relfer et al., 2008McLaughlin and Telfer, 2010
Concerns have been raised regarding tlealth of oocytes resulting from systems in which
follicle growth is so greatly accelerat@@icton et al., 1998 Although some researcheasgue

that the use of physiologicalglevant culture periods is key to producing healthyvitro-
derived oocytes, as this would allow sufficient time for the oocytes to develop the molecular
machinery required for normal developme(Ricton et al., 1998 Othes claim that extended
culture periods are not necessary and may in fact be detrimental to oocyte health due to
increased exposure tsuboptimal conditionsin vitro. Furthermore, accelerated culture
systems would partly overcome the difficulties associated with maintaining odagte
interactions longerm (McLaughlin and Telfer, 2010 In order to determine whether
accelerated or protracted culture systems are optimal more research into the effect of each on
the genetic health of the follicle, by compariitg vive and in vitro-derived counterpartsis

required
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Significant progress ds been made with regards to the optimisation of IVG systems,
particularly with respect to developments in ruminants and #immman primates. A mulstep
strategy in which primordial follicles are first culturead situ then isolated and cultured
individually, with increasing concentrations of GNs present in the culture media, prior to IVM
may support then vitro-derivation of Mll oocytes. However, much more research is needed
to determine whether this would be best achieved using an accelerated orgutet culture
system, using gels to maintain 3D structure, using a sequential or constant culture, medi
using enzymatic or méanical isolation methodsln addition tothe optimum concentrations

and time points at whichGFs and GNs should be added te tulture med.

In order to determine which culture methods are optimal there need to be clear methods of
assessingin vitro-derived oocyte quality not only with respect to follicle and oocyte
morphology, survival and growth rates, progression throtighvarious developmental stages,

but also with respect to the genetic and epigenetic he@Rltton et al., 2008

1.8 Assessment ofdllicle andoocyte health and vability in vitro andin vivo

In order to ensure follicle and oocyte health batbmpartmentsmust pass through the same
checkpoints in terms of protein production and growth. Furthermorenditionsin vitro must
mimic thosein viva Various cellular markers can be used to aid sssent, a number of
techniques are summarised ifiable 1.11however a more extensive knowledge of cellular
markers and their expression patterissequired, in order to developnd validateVG culture
systems. Norrinvasive methods of monitoring develogmt may be used such as monitoring

the levels of secreted factors in spent media when the follicles are cultured individTialfgr

et al., 2000. For example, the levels matrix metalloproteinase M#a&nd tissue inhitors of
metalloproteinases (TIMPs), important for basement membrane reconstruction, can be used
as markers of follicle developme(iticCaffery et al., 2000 The levels of steroidsE2and P4

can be monitored in spent media also, usingzymelinked immunosorbent assay The
concentrationof E2can be used to determine whether the aromatase enzyme complex has

been induced in cultured cel{dlewton et al., 1999p

During ART procedures women are induced to superovulate and the resultant oocytes are
collected. Although the majority of these are at the mature MIl stage some immature oocytes

are also retrievedJones et al.,, 2008 These immature oocytes can be matur@dvitro.
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However, the developmental competence of these oocytes is compromised following IVM as
evidenced by the lower rates of zygotes developing lie blastocyst stage once fertilised
compared to oocytes matureth vivg 12% vs. ~50%, respectivéyhen et al., 200QJones,
2000. Furthermorethe percentage of embryos developing to full term is also lower in IVM
oocytes thanin vivomatured oocytesn humans 14% vs. 35%, respectivéBlake et al., 2005
Jones et al.,, 2008 The compromised developmental competence of IVM oocytes has been
linked to a number of factors including alterations in oocyte morphology, cytoplasmic and
nuclear maturation and spindle positionigde Loos et al., 199Zombeles et al., 2002Moon

et al., 2009%.

Table 1.11 Summary of various cellular markers which can be used to determine whether
follicles and oocytes are developing normally and are healffhe techniques by which these
markers are assessed are also shown. The informatamaellated from data published in a
number of different sources includin@lewton et al., 1999bPicton et al., 2000Telfer et al.,
2000, Picton et al., 2008

Markers Techniques used fassessment

Cell morphology Oocyte diameter

Zona pellucida thickness

Changes in cell number Follicle diameter

Steroid production MeasureE2andP4levels in spent media

Basement membrane formation Azan staining of collagen component of basemi
membrane

Somatic cell differentiation Patterns of expression of cellular markers, eg. IGFs, ac!

Oocyte development inhibin, GDF

DNA analysis Fluorescence assays

Incorporation of thymidine
Oocyte viability Formation of antral cavity
Diameter
Stainingwith vital dye(e.g. neutral red dye
Nuclear maturation Production of maturation promoting factor
Dissolution of nuclei
Chromosomal condensation

Formation of functional spindle apparatus

In numerous studies changes in gene expression have been linked to reductions in

developmental competence of IVM oocytes. For example, in a study companitgo andin
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in the IVM group(Jones et al., 2008 Furthermore, in a different study the expression
patterns of numerous genes involved in nuclear maturation, homeostasis and cytoplasmic
functions observed in IVM oocytes were more similar to those in immature GV oocytesthan
vivo matured MIl oocyteqWells and Patrizio, 2008 Alterations in oocyte gene expression
patterns resulting fromin vitro maturation have been observed imé& mouse and bovine
species as wellTesfaye et al.,, 200Kind et al., 2018 In addition, differences have been
observed between human cumulus cells from oocytes matumnedtro and those maturedn
vivowith respect to expression of genes related to oocyte maturation, cumulus expansion and
cell cycle regulatiofOuandaogo et al., 201%Buzman et al., 2033 In the rhesus monkey IVM
has resulted in differing expression patterns of gene®lirad in cumulus cell interactions
between themselves and with the oocyfeee et al., 2008Lee et al., 2011 Kyasari et al.
(2012 demonstiated how altering IVM conditions can also alter gene expression patterns,
illustrating the importance of optimizing IVM techniques. Interestintjlg use of slowfreeze

or vitrification to cryopreserve human MIl oocytes also affects gene expressionrmmtte

relative to those observed in fresh MIl oocy{d4onzo et al., 201p

The use ofVM has been shown to alter gene expression patterns in numestudies using
both animal and human oocytesAs IVG of oocytes is a developing technique there are fewer
studies investigating thémpact of IVGon gene expression and most thfese have utilized
murine follicle culture systems However, these studies have revealed differences in
expression patterns of genes betweanvivoandin vitro-derived oocytes. In onsuchstudy
oocytes were grownn viro within secondary stage follicles up tbe antral stages and the
expression patterns oBmp15, Mater, Zarl and Fgf8 were measured and compared to
expression levels im vivaderived oocytes Thisreveakd significantly lower expression levels
of these genesfter 10 days of cultur¢dSanchez et al., 2009 In more recent studies the
concentration of FSH and insulin in the IVG medium was shown to dffeexpression of
oocyte genes including Gdf9, BMP15and Fgf8, as well ascumulus celspecific genes
including luteinizing hormone/choriogonadotropin receptdchcg), Amh androgen receptor
(An), phosphofructokinase plateletPtkp genes(Sanchez et al.,, 201&anchez et al., 2011
Furthermore, in a study in which secondary follicles were cultured up to the atdgdssising
alginate gels as a support matrix the concentration of the gel was shown to affect the
expression patterns d&df9, Bmpl5NODlike receptor family pyrin domain containingBcell

leukemia/lymphoma landZp3(Jiao and Woodruff, 2033
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1.9 Epigenetics

Epigenetics is the study of the process by which gene expression patterns are regulated by
modifications to the DNA as opposed to the underlying sequegiia, 200§. Epigenetic
information can be conferred in the form of DNA methylation, in which a methyl group is
added to a cytosine residue allaovg subsequent recognition and binding by regulatory factors
(Reik et al., 2001 This form of epigenetic modification represses gene activitystoft
modifications, in the form of the attachment of proteins to the histone tails, are another form
of epigenetic regulation, which can result in either the repression or activation of gene
expression. A third mechanism of epigenetic regulation isattachment of nonrhistone
proteins to chromatin. Epigenetic modifications regulate the expression of imprinted genes
(Qiu, 2009. Imprinted genes are expressed monoallelicallly. Monoallelic expression patterns
are determined by the parental origin of the allele. This mode of regulation is key to
embryonic growth and development, placental and postnatal growth, as well as the
prevention of parthenogenesis. Imprinted genes are needed for the regulation of nutrient
supply to the embryo. Maternally and paternally expressed genes have opposints &fftc
respect to nutrient supply to the embryo. Paternally expressed imprinted genes tend to
promote mechanisms that increase nutrient supply to the embryo, whereas maternally
expressed imprinted genes reduce nutrient supply. This helps maintain rcbdtawhich the

embryo is provided with sufficient nutrients without being detrimental to the mother.

Genomic imprints are erased at the stage of development that the R@Cat when they
reach the genital ridge. Imprints are then-established in arasynchronous manner as the
gametes develop. Imprint acquisition differs between sperm and oocytes, with respect to
timing and is completed by day E18.5niirine sperm and just prior to ovulation in oocytes,
see Figure1.7. Once genomic imprints have been established they are maintained, even
following fertilisation when genomwide demethylation and reestablishment occurs
(Morgan et al., 2006 DNA methyltransferasd®NMTs)re key enzymes with respect to the
establishment ofmprinting marks as well as the maintenance of théReik et al., 2001 The
enzyme DNMT3a and a DNMik3ated protein, DNMT3L, are essential tbe establishment

of the maternal imprin{Hata et al., 200R The enzyme DNMTb is also involved, however, may
play more of a permissive ro{&aneda et al., 2004 Evidence suggests that DNMT3L is a key
regulator of DNMT3a and DNMT3b activity via itslagalisation and establishment of the
maternal imprint is not possibleithout this protein(Hata et al., 2002 Once established the
maternal imprints must be maintained. DNMT1o0 is essential for the maintenance of the

maternal imprint in oocytes and preimplantatiooméryos. DNMT1o homologues have been
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identified in the mouse, sheep and humgHayward et al., 20Q3Tayla et al., 2009. As
previously mentioned epigenetic reprogramming occur2gioints in development: during
gametogenesis and following fertilisatiorin the mouse, oce fertilisation has occurrethe
paternal genome is actively demethylatetlhereas demethylation of the maternal genome is
passive. Once completede novomethylation of the embryonic genome occuiReik et al.,
2001).

Due to the timing of epigenetic reprogramming, concerns have been raised that ARTs may
result in epigenetic disruption. There is evidence to suggest that the use of ARTs may increase
the risk of epigenetic errors. Furthermore increasing evidence of extions between
imprinting disorders and the use of ARTs is emergiftge incidence of Beckwith Weidemann
syndrome (BWS), an epigenetic disorder with symptoms such as childhood tumours, fetal and
postnatal overgrowth, macroglossia and organomedalsnor and Halliday, 200&éhas been
linked theuse of ARTs. Over 60 cases of BWS had been reported-toAg€ived children by

2008 (Amor and Halliday, 2008 In addition the incidence of ART in children with BWS is
significantly higher (2.9%) than the general population (0.8%), which has been associated with
both the use of ICSI and I\{\#aher et al., 2003pSutcliffe et al., 2006 In astudy of 25 ART
conceived children with BWS 24 had hypomethylation of the differentially methylated region,
KvDMR1 on chromosome 11pikim et al., 2009 Similarly the incidence of Angelman
syndrome (AS) in children conceived using ARTSs is higher than in the general pogéiaton

and Halliday, 2008 In addition the percentage of cases of AS resulting from an imprinting
defect is verylow (~3%) in the general population, however by 2003, 6 of the cases of AS
reported following the use of ovarian hyperstimulation alone (1 case) or in combination with
ICSI (5 cases) resulted from imprinting defects, which suggested that the use ofAR&se
caused the defect4Cox et al., 20020rstavik et al., 2003 It has been suggested that
subfertility may also be a cause of the increased incidence of AS resulting from epigenetic

disorders(Ludwig et al., 2005 utcliffe et al., 2006
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SilverRussell yndrome (SRSis another epigenetic disorder that has been associated with the
use of ARTs as SRS resulting from the hypomethylatibd@GF2yene has been observed in
ICSI/IVFeonceived childrenChopra et al., 2000 In an isolated case the use of IVF was
associated with the incidence of SRS resulting from the hypermethylation dPB&MEST
gene, although the pattern was also observed to a lesser extent in the Falbiezefore
imprinting errois may have been retad to genetic errors, possibly involved in the couple's
subfertility (Kagami et al., 2007 Symptoms of SRBclude low pre and postnatal growth
rates, celayed development and learning disabilitie® newly recognised fetal overgrowth
syndrome that causes seizures and developmental delay has also been linked to the use of
ICSI/IVKShah et al., 2006 More recently, Retinoblastoma form of eye cancer #t usually
affects children under the age of 5 years old, has been linked to the use of ARTs due to the fact
that it ismore common in IVF patients and that the retinoblastoma gene is impriiteshber

et al., 2009 Marees et al., 2010 Although the incidence of imprinting disorders following the
use of ARTs is relatively IdMaher et al. (2003psuggests that many more epigenetic errors
have not been identified and that these errors predispahildren to certain conditions, such

as cancer, later in life. Mablel.12 the findings of investigans in which the mechanisms by
which epigenetic errorsresulting from the use of ARTs, may have occuaredsummarized.

The results of these investigations reVe@amerous inconsistencies that are probably due to
inconsistencies in the media composition and techniques used. Therefdsedifficult to
directly compare each study and to ascertain the exact cause of the effects on
epigenetics/imprinted genesNote that the use of IVG culture systems is not includedahle

1.12 as this is considered in more detail below.

To further complicate matters both infertility andulsfertility can increase the risk of
conceiving a child with an imprinting defect. In the case of subfertile couples increasing time
to pregnancy increased the relative risk. The risk is further increased in subfertile couples that
conceive using ARTudwig et al., 2006 As briefly mentioned iffable1.12 further evidence

of a linkbetween infertility and increased risk of imprinting errors is provided by a study in
which the methylation patterns of normozoospermic and oligozoospermic patients were
compared. The methylation pattern afaternallyexpressed imprinted gend19was alteed

in the oligozoospermic group, ahges ranging from moderate (%j to severe (30%).
Whereas themethylation pattern ofMEST a maternally expressed imprinted gene, was not
affected(Marques et al., 2004 Similarly imprinting errors were observed in tetrazoospermic
men, in the form of demethylation in eithdGF2alone orlGF2and H19 (Bassonnas et al.,

2010. In addition hypomethylatio of IGF2/H19ene was observed in men with low sperm
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counts. Unlike the aforementionestudy aberrant methylation othe MESTgene was also
observed. Hypermethylation dfIESTwas not only observed in men with low sperm counts,

but also men with bad sper morphology and poor sperm motilifPoplinski et al., 200

A number of studies have been conducted which compared the epigenetic status of ART
derived children and spontaneously conceived children with slightly confliggdts. Studies
have shown changes in methylation patterns of both imprinted and-ingorinted genes,
resulting in changes in expression of certain imprinted ggRedermo et al., 200&Katari et

al., 2009. However, in a more recent study methylation patterns at DMRs of imprintedsgene
were examined and no differences were found between children conceived spontaneously or

via the use of IVF or ICSI, other than in the DMRES TTierling et al., 2010

One of he overarching aimof this thesis is talefinethe culture conditions required to derive
normal, healthy, developmenlig competent oocytesn vitro. In order to achieve thigoal

the parameters by which normality is to be assessed need to be established. One such
parameter by which normality should be assessed is the establishment of epigenetic
modifications equivalento that observedin viva In more recent years theffect of culture
conditions onthe methylation patterns of important imprinted genes has been investigated.
Studies in mice have shown that the methylatjpatterns ofsmall nuclearibonucleoprotein
associated protein NSnrpn), Igf2 or H19in MIl oocytes growrin vitro from the secondary
stage were not affectedunder normal culture conditions(Anckaert et al., 2009a
Furtheemore, when follicles were subjected to suboptimal culture conditions suchthes
addition ofhigh levels 8FSH100iUL*, compared to 10iUt) to the culture meda, or exposure

to increased levels cdimmoniumé dzLJ (2 dYmpnn>Y T2 dn@sigifigadty MH R I
reduced levels of oestrogen and progesteromaluced by culturing under mineral pihis did

not affect the methylation of the aforementioned gené&nckaert et al., 2009aAnckaert et

al., 2009h Trapphoff et al., 2010 Furthermore embryos resulting from the fertilisation df
vitro-derived oocytes also exhibited normal methylation of the aforementioned géikblajj

et al., 201). Similarlyovine oocytes grown from the preantral #Astagesin vitro displayed
normal methylation patterns oflGF2R Brainenriched guanylate kinasassociated protein
(BEGAINand H19 (Barboni et al., 2011 Nor were the methylation paérns ofIGF2For H19
affected following the IVM of ovine oocytd€olosimo et al., 2009 Conversely, although
culturing in the presence of reduced levels of methyl donors did not affect the methylation

levels ofSnrpn, Igfdr H19in murine MIl oocytes grownn vitro from the secondary stagehe
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methylation levels ofMest decreased (Anckaert et al., 2010 Therefore the overall
methylation patterns observed im vitro-derived oocytes were similar to that observediin
vivo-derived oocytes in animal models, suggesting that the mechanisms by which DNA
methylation patterns are established are quite robust. Whereas studies conducted in humans
in which oocyte are matureth vitro have resulted in aberrant methylation pattern$ H19

(Borghol et al., 2006suggesing that the® mechanisms may be less robust in humans.

A limited number of studies havbeen conducted regarding the epigenetic status of IVG
oocytes that are derived from early preantral stages via the use of cortical slice culture. In a
number of studies differeres in the methylation statuses af vivo and in vitro-derived
follicles were observedLeesMurdock et al., 2008Song et al., 2009 However, in these
studies the oocytes were not competent to develop tetMIl stage. Whereas in a study in
which IVG oocytes were competent to develop to the antral stage the methylation status of all
imprinted genes investigated was norm@bata et al.,, 2002 As mentioned previously,
Eggbert exhibited many health problems, whitlay have been due to aberrant epigenetic
modifications(Eppig and O'Brien, 1988 However, as Eggbert was the only mouse resulting
from that study the exact causes of his poor health were unclear. In a subsesfuefytin
whichalterations to the culture media compositiowhich promoted the normal acquisition of
IVG oocyte developméal competencewere made 59 live offspring were born and survived

to adulthood(Eppig et al., 200@'Brien et al., 2003

A vast amount of research has been conducted to elucidate gene expression patterns during
oogenesis and folliculogenesis vivg as covered irgection 1.5. However, minimal research

has been conducted to determine whether these gene expression patterns are the same in
vitro-derived oocytes. Although some investigations have examined gene expression patterns
in in vitro-matured oocytes, very little research has been conducted concerning IVG oocytes.
Furthermore the majority of the research has been conducted using mice. It is essential to
ensure thatin vitro-derived oocytes are competent to be fertilized and diep into normal
offspring. Therefore one of the main focuses of this thesis was the determination of
expression patterns iin vivaderived ovine oocytes and their stagpecificin vitro-derived

counterparts.



Tablel1.12 Table summariag the evidence linking the use of ARTs to the incidence of imprinting erfdegails of the species, the ART conditions implicated
and the nature of the effect on imprinting are showAbbreviations; mouse (M), sheep)(®iuman (H)fetal calf serum (FCS), growth factor recegtound
protein 10 (Grb1Q)

ART Specific ART anditions Nature ofeffect onimprinting Extra hformation References
(species)
Embryo Culture meda used was Use of Whittens Medium resulted in loss Methylation status of Snrpn gene was unaffectec Doherty et al.
Culture suboptimal (M) methylation leading to aberrant expression ' therefore unlikely that the alterations téi19were via (2000
the H19gene aberrant DNMTo activity
In vitroculture (M) Aberrant expression ofH19 gene in the Sasaki et al
extraembryonic tissue (1995
Aberrant Igf2 expression at the blastocys Biallelic expression rather than monoallelic Ohno et al.
stage (2001
AberrantH19gene expression Aberrant gene expression resulting from abnorn Li et al. (200b
DNA and histonenethylation patterns
Exposure to high levels ¢ AberrantH19gene expression Ammonium  level also affected ‘'blastocy Lane and
ammonium in  culture differentiation, metabolism, pH regulation [and] feti Gardner (2008
medium(M) development'
Addition of FCS toulture Gain of methylation ofigf2 and H19 led to Lower birth weights probably resulted from aberra Khosla et al.
media of preimplantation decreased expression. Wherea&rb10 gene expression (2001
embryos (M) expression decreased andMest was
unaffected
Addition of FCS to culturc Increased expression &§f2, Grb10and Mest  Effect of FCS on gene expression is not consistéht Fernandez
media of blastocyts (M) H19expression not affected findings byKhosla et al(2001), however, both studies Gonzalez et al
report aberrant expression (2009
In vitro culture of pre Aberrant methylation and expression ¢6R2 Linked to fetal overgrowth syndrome. This gene is Young et al.
implantation embryos®  receptor gene imprinted in humans (2001
Ooplasmic Transfer of ooplasm from Suggests therenay be a risk with respect t Hawes et al.
transfer donor oocyte may the establishment of normal epigenetics dt (2002
compromise recipient to the timing of ooplasmic transfer

oocyte (M)
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Table 1.2 (continued)

ART

Specific ART anditions Nature of dfect onimprinting
(species)

Extra hformation

References

Microinjection
of immature
Spermatids

Use of immaturegametes Aberrant DNA methylation patterns, due

(H) immature gametes not having cquired

epigenetic marks or the machinery require

for their maintenance

Longterm health of the
offspring may be affected

resultant zygotes an

Kishigami et al.

(2006

Round spermatid injectior No effect on expression patterns of imprinte

Inconsistent findings compared to humans

Shamanski et al

(M) genes (1999
Superovulation (H,M) Disrupted methylation patterns oH19 and Disrupted imprinting patterns and methylation i Sato et al.
MESTgenes. Effects orH19 and SNRPN superovulated eggs. Both imprintingstablishment (2007 and
methylation patterns seen trans and factors required for maintenance are affected  Stouder et al.

generationally (2009

(M) Altered expression of imprintedenes in the
placenta

Resulted in biallelic expressiontéi9and Snrpngenes

Fortier et al.
(2008

ICSI

Introduction of sperm Link between use of ICSI and incidencA&f
acrosome and digestiv

enzymes into ooplasn

may  disrupt  oocyte

activation (H)

There may be a link between imprinting disruption a
infertility as sperm from oligozoospermic mal
exhibited aberrant methylation dfi19gene

Cox et al. (2002
and Marques et
al. (2004

Oocytes were maturedn Aberrant imprinting oH19andKCNQ10T1
vitro prior to fertilisation

Expression patterns of DNMTo unaltered.
whether aberrant imprinting observed following IVM
maintained following ICSI

Borghol et al.
(2009 and
Khoueiry et al.
(2013)

Embryo
Transfer

Disruption to

. Rivera et al.

augmented byin vitro culture prior to embryo transfer (2008

Embryo
Vitrification

(M) Aberrant expression of imprinted genes
both the embryonic and placental tissues
Embryo vitrification Vitrification resulted in lower levels ofl19

following in vitro culture expression

(M)

Aberrant gene expression patterns

results frc Wang et al

disrupted methylation patterns of the differentiall (2010

methylated domains of botki19andIgf2

0.
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1.10 Aims and objectives

The information presented in this literature review summarises the highly complex nature of
oocyte and follicle development vivg it shows how this information has been used to
underpin the develoment and advancemenbdf systems to preserve female fdity and it
highlights the complexitieassociated with trying to develop a culture system that supports
these processes viro. The importance okstablishingbiologically relevanparameters for
assessinghe normality of follicle and oocyte developmieduring IVGand maturationhas also
been highlighted. Development of techniques that facilitate the cryopreservation of ovarian
tissue either as slices of cortex or in the form of whole ovaries and the subsenugitto
growth and development of oocyse that are competent to undergo maturation and
fertilisation in vitro to produce healthy offspring would be of great value to young girls,
adolescents and women facing POF. Before these techniques can be used therapeutically in
humans it is of vital impdance that markers for follicle and oocyte normality are established
following IVG and that these are tested for throughout oocyte and follicle developmetitro

in order to ensure the health of the resultant offspring.

On the basis of the evidencegsentedin this reviewit can be hypothesised that the IVG of
oocytesis suitableas atool to both assess the patency of fertility preservation systems and as

a means to restore female fertility.

The main aims of this thesis were:

i. To develop ad validae aculture system that was able to support the vitro
activation, growth andnormal development ofovine primordial follicles to the
early antral stagewithin a physiologicallyelevant timescale

. Tomeasurethe impactof aslow physiologicdy-relevart follicle growthsystemon
markers of follicle and oocyte survival, yield, health and normalty well as
stromal health,to compare these to similar parameters measured usarg
acceleratedollicle culture system

iii. To establish the normal expression patterns of important oocwted follicular
somatic genescrossoogenesis and folliculogenesisvivoand tocompare these
to geneexpression patterns igtagematchedoocytes and follicles growin vitro.

iv. To utilisethe ovarian cortexculture systemat a toolto validateWOCRas a fertility

preservation strategyusing sheep as a model for humans
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2 General Materials and Methods

Unless therwise stated d reagents detailed in this thesigere purchasedrom SigmaAldrich
Company imited, (SigmaAldrich Dorset, UK all culture plastics were from NuRqThermo
Fisher Scientific, Hertfordshire, UK) and all pipette tips from StarlabMittbrf Keynes, UK)

All company addresses are providedhippendix V

2.1 Use of wine ovariantissue

The investigations regarding the validation and optimisation of culture techniques were
performed using ovine ovarian tisspeovided by a local abattoid(Penny and Sons, Rawdon,
Leeds, UK) The ovine model was selected because it is more similar to human with respect to
the size of the ovarieand oocytesthe developmental time frameén vivo, the fibrous nature

of the tissue and the body tempeae, than rodent model specie€@Campbell et al., 1996

Griffin et al, 2006 Lundy et al., 1999 Furthermoreovine tissue was relatively easy to obtain

on a weekly basisAs both human and sheep are predominantly monovular the mechanisms
regulating follicle and oocyte growth and maturationvivowill be paralleled by thain vitro.

The sheep has previously been used as a model system for the development of IVG systems
(Muruvi et al, 2009 Newton et al., 1999bThomas et al., 2003

2.2 Collection and preparation of ovarian tissue

Reproductive tracts were collected from a local abattoir and transferred to the lab at room
temperature within one hour.Ovaries were dissected from theatts using scissors, removing
all excess tissue and fat and transferred 200ml pre-warmed (37°Q Ovary Wash Media
(OWM), which was comprised of: 500mlilli-Q water,mixed with1 phosphate buffered saline
(PB$ tablet (Thermo Fisher Scientifiger 500ml solution 100unl™ penicillin G, 0.1myl™*
streptomycin sulphate, 0.253 Y &mphotericin B (antibiotic/ antimycotic) The OWM was
made upin a sterile glass beakerThe ovaries were transferred to fre480mIOWM 2¢ 3
times to enswe that al traces of blood and cellular debris wememoved. The ovaries were
then transferred to50ml cold (4°C) Rozenburgh Knife Wash Medi(RKWN, which was
comprised of: Hepemodified minimum essential medium (MEM}upplemented with

100UmI* penicillin G/ 0lmgml* streptomycinsulphate, Imgl™* bovine serum albumin (BSA
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Fraction V; cell culture tested (Sigma A9418hd stored on ice in a sterile 60ml universal

(Scientific Laboratory Supplies (SLS), Nottingham UK)

2.3 Preparation of cortical slices

Underclass llaminar flow conditions, using a skinafting knife (Ref 9942, Swaihorton Ltd,
Sheffield UK, thin slices were carefully cut from the outer cortefxthe ovaryat a thickness of
around 0.40.5mm(see Sectior2.4). It is important to minimise the thickness of the tissue to
allow sufficient gas and nutriestto diffuse through the tissuehilst maximising the number

of follicles for culturg/Avgoustiniatos and Colton, 1997Furthermore, in early experiments it

was found that if the tissue was too thin it was more likely to becomeatiegras perhaps the
procedure had been too damagindissectios were carried out in RKWM at@, in a sterile

glass petri dish placed on a cold ice pack. Cortical slices were then transferred to a sterile
universal(SLSYontaining 5ml RKWM and left 4°C untila sufficientnumber ofdlices had

been obtained for culture. Cortical slices were briefly washed again in RKWM. Using a sterile
scalpel blade and a clean glass petri dish the slices were carefully trimmed, under a stereo
microscope (Olympudndustrial, Essex, UK at room temperature. Tissue pieces were
processed using a scalpel (handle sizevith a size 15 blade) and 2&GneedlegTerumo

Europe N.V., Belgium)The tissue pieces were trimmed to roughigm?.

2.4 Validation of ortical thickness

In order to determine the exact thickne&ssamples of single tissue pieces were fixed (see
Section 2.9) after they had been trimmed. The tissue piecesaveectioned to a thickness of

4> Y | y Rotalinéntber of sectionger piece was recorded The tissue pieces covered
arounda mean numbepf 116.6sectionst 5.3 (n=5, range: 9830) therefore themeantissue

thickness was calculated as 0.47m 0.02 (n=5, range: 0.39.52)

2.5 Quantification ofviable ollicle density ¢ usingneutral red (NR)dye

The use of neutral re@\R)dye enabled thedentification ofviablefollicles in cortical tissue
slices prior to culture, thus reducing the chance of cultufoilicle depleted cortex and/or non
viable cortex Neutral reddye is watersoluble and no#toxic and it is able to pass through
lipid memlranes via nosonic diffusion (Nemes et al., 1979 The dye igaken up by

lysosomes, this process is more rapidahicular cellsand oocyteshan stromalcells due to
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the higher metabolic rate of the former cell typéBabich and Borenfreund, 198Zhambers et
al., 2010. Viabletissueis stainedred; this can le visualised using light microscopyt is
essential to perform dissectiorand initial NR staining reactioas 4°C as this reduces uptake
of the dye by the stromal tissue, ensuring that the follicles are stained more stronglgirand
therefore identifisble (Chambers et al., 20}0

Table2.1 Composition of cortical culture meali The volumes required to make 30ml solution
are shown, with the stock and final concentrations. The solution was filtered and stored for up
to 1 week at 4C SeeAppendix | for details of the preparation 8#MEM with bicarbonate
basal culture medi, with 1% (v/v) penicillin/streptomycin and 1mg hBSA fraction V (fatty
acid free) and additive stock solutions.

A Stock Final
Component + 2 £ dzY' S Concentration Cacentration
h-MEMwith bicarbonatebasal culture
medium 29.448 ml
Bovine holetransferrin 30 5mgmi* p > 3¢
Sodiumpyruvate 30 47mM 0.047mM
Sodiumselenite 3 pn>3Yt Bngmi'
L-glutamine 450 200mM 3mM
Bovine nsulin 30 10mgmt* 10ngmt*
Human bngR3 IGH 3 Mnan>3Yf 10ngmt
Ovine FSH 3 0.2iUmfr* 1 x 10%iUmI™*
Ovine LH 3 0.0023UmI* 2.3 x 10iUml*
(a)

N
O O

Figure2.1 (a) Follicle assessment plate sap.
Stock concentration NR dye Bia N2889) 8300> 3 Y f
Final concentration 59 3 Y f

P

¢2L) 0 6Stta ' axdldp>3 Y Ok SIRIZNSA VISRAPp>f bw R@é
. 200G2Y w 6Stta d& pnn>t Odzf G§dzZNB YSRA

(b) Representative image of NR stained ovarian cortex. Scale bar = 1mm.
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The composition ofcortical culture medi, used to prepare the NR assessment plates i
detailed inTable2.1. Two Nun®, 4-well follicle assessment plates were set up before the
ovariesarrived in the lab and placed into the incubator at 37°C and 5%d3@®e-warm and
gas for 3 hours prior to use as shownHigure2.1 (a). A representative imagef tissue

following NR staining is shownfingure2.1 (b).

2.6 Assessment of viable follicle density

The methods of assessment of viable follicle density within cdigaes have been previously
described(Chambers et al., 20)00nce the cortical slices had been prepared for culture they
were transferred to the follicle assessment plates (~25 slices per well). The plates were then
returned to the humidified incubator (Galaxy B) at@7and 5% GQ@n airand left for 25- 3
hours. The NR staining of folliclés sity, within the fragments of ovarian cortewas assessed
using a stereamicroscope(Olympus SZX16) fitted with a heated stage (Olympus Tokai hit)
using 64 x magnificatiomnder sterile onditions, at 37C. Bright field microscopy was used to
visualisethe red colouration. At the end of thiRincubation period the plates were removed
one at a time from the incubator. The cortical tissue slices were transferred from the wells
containirg NR ¢ those containing culture meanly to wash away any crystals of dye on the
tissue surface as these interggtwith the assessment of follicle density. Each tissue piece was

assessed for the presence of red colouration and-staning tissue piexs discarded.

The number of red structures (follicles) present within each of the positivelgpistatissue
pieces was counted and recordedhelpiecesvere turned ovewith sterile forceps to ensure

that all follicles had been counted. Follicles dat always stain completely; therefore only if
over 500 ofthe follicle population had stainedwas the tissue used for future culture or
analysis Once the red colouration of all tissue pieces had been assessed they were divided
into groups of 5containingapproximatelyequal numbers of follicles (which were recorded).
The dry weight of each group of 5 tissue pieces was recorded. Excess liquid was removed from
each tissue piece by blotting on sterile gayRechardson Healthcare, Borehamwood, pPKQr

to placing on the lid of a sterile flaap microcentrifuge tube (Stabg. A microbalance
(Sartorius Stedim UK, Surrey, WKs used to measurene weight of the empty tubevhich

was subtracted from the combined weight of the universal and tissue pieceistin the dry
tissueweight. Representative images were taken of spare tissue pieces following NR staining
prior to culture using an inverted microscope (Olympus 1X70) fitted with a camera (Olympus

DP11) and heated stage (Linkam Scientific InstrumentsTladworth, UK). Any spare tissue
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pieces were discarded. Representative images were also taken at the end of culture (see
Section2.8).

Up to 5 extratissue pieces were fixed irkml of 4% (w/v) paraformaldehyd€¢PFA)(see
Appendix 1) overnight then transferred to A (v/v) ¢hanol at room temperature (~2C).
These pieces were uset$ time 0 controls to allow histological comparison with tissues fixed
at the end of culture(see Section 2.9). Tissue pieces wergtored in a plastic container,
containing70% (v/v) ethanol for several mts prior to embedding,the ethand was topped

up at regular intervals

2.7 Culture of cortical slices

Culture plates were set up prior to the ovaries arriving in the lab and transferred to the
incubator toequilibratefor aminimum of 25 hours. Nun® 24- well culture plates were used.

Staile, un-coatedMillicel™ culture plate insert§n ®n >Y L2 NB &A1, Milliporen YY R
Watford, UK were carefully placed into the wells using forcef® the wellp n n >t 2 F Odz
mediawas then addegdthe composition of which is shown ifable2.1. A maximum of 8 wells

per plate were utiked for tissue culture to minimidée length oftime required to perform a

media changeand thus avoid pH and teperature changes Only the central wells were

utilised to reducehe potentialfor culture medialoss by evaporation during extended culture

To further prevent culture mediloss the surrounding channels were flooded wiéterile

embryo tested watersupplemented with Penicillin G and Streptomycin sulphate at the same
concentration as the OWM (see Sectidh?). Tissueslices(5 per well)were placed on the

insert, and then a sterilegetoading tip (Alpha Laboratoridstd, Hampshire, UKcatalogue

number LW110) was used to adjust the level of the matth ensure the pieces were covered

by a thin film. Note that this procedure was carriedibon a stereo microsge fitted with

heated stage setit 37°C The plates were then returned to thkeumidified incubator and

culturedat 37°C and 5% G@ airuntil the firstmedia change was due.

Media changes were carried out on a heated stage at 330% of the mediin each ofthe
wells was removed andreplenished during each change. Madihanges were carried out
every Monday, Wednesday and Friday until the completion of cultufeis meda change
strategy prevented unnecessary disturbance of the cultured tisseeep and ensured that

locally produced factors were retaingd the meda. On the morning of the meadichange
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sterile aliquots containing the appropriate volume of culture naediquired were placed in

the incubator toequilibrate for 2-3 hours prior touse. A sterile gdbading tip wasused to

OF NBFdzf f & dfiieymedn$romuepch wdll and replacie with 250> f 2 F  FaNB & K

ensuring that there were no bubbles under the insert dhdt it was not damagegthe plate

was returnedto the incubabr.

2.8 Tissue and follicle viability assessment at the end of culture

At the end of the culture period the tissue pieces were removed from the culture plate one
well at a time. Thalry weight and thenumber of tissue pieces present were recorded (see
Section 2.6), before returning themto the culture plate in the incubatorTissue piecewere
transferred to prewarmed and gassed NR platesntaining NR solution gt 1 >"H(seer f
Figure2.1). The NR platesere then returned to the incubator and left for X530 minutes.

The NR viability assayncubation time for tissue at the end of culturewas reduced in
comparison to the incubation time prior tihe start ofculture because the tissue piecegre
warm and less dense in structui@nd thereforeable totake up the dye much more readily
than fresh, cold tissue. This maderibre difficult to distinguish between stromal tissue and
follicles such that in many cases only global tissue viability could be recorHedvever-
where possible viable follicle counts were notedThe tissue from one well of each sample
group was the fixed inlml of &6 PFA for histological analysis (§&eetion2.9). The tissue
was kept in 4% PFA overnight before being transferreda# (v/v) ethano(~5ml)at room
temperature (~20°C) Representative images of tissue pieces at the end of culture were taken

as described in Sectidh6.

2.9 Histology

Fixed tissugsee Section 2.8)ollected before or after culture was removed from%Qv/v)
ethanol after a minimum of 2 hourglaced on a slide, covered and subsequesthbedded in
2% (w/v)melted agar, to facilitate handling The 2% (w/v) agar was prepared by dlssg
0.4g of agar granules in 20ml PBS, whilst heating in a microw@nee theagarhad set, after
leaving it at room temperature, itvas trimmed to ~0.5cfusing ascalpelblade (Swann
Morton) to minimise the amount of agar surrounding the tissuee aljar block was/rapped
in tissue wrapping paper(Whatman; GE Healthcare, Buckinghamshire), WK prevent the
tissue from being lostand placed inside a plastic embedding cassette (SimpB#iloeil,

Canada and then transferred to fresh 70% (v/v) ethandll tissue pieces from the same well

YS

R

A
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were fixed andembedded together. After a minimum of 24 hours the tissue pieces were
manually embedded in pastillated paraffin wax (VWIRst SusseXJK). The multiple steps of
the embedding procedure are outlined Table2.2, including the order and timeframes in
which the agaisurrounded tissuanust be placed in the various reagent¥hese steps were
carried out in an incudtor (Stuart hybridisation oven/ shaker S130s¢t at the temperatures
detailed inTable2.2, with agitation. The wax was melted on a hot plate at 60°C priotsto
additionto the Histoclear(National Diagnostic€ast Riding of Yorkshire, HU13pL®nce the
steps inTable2.2 were complete the agar blocks containing the tissuere then transferred

to al6mm by 16mm by 6mm Tissue Tt&inless steel basmould (SakuraAJ Alphen aan den
Rijn, The Netherlandsand blocked in molten wax.The first 3 steps were carried out in a
150ml sterile plastic bottle (Sterilin Ltd; NewportK), after which the moulds were
transferred to a pyrex beaker (Starlabs). The volume of each reagent used was sufficient to
ensure all moulds were submerge@®nce set the blde were transferred to the 80°C freezer

for storage.

Table2.2 Manual wax embedding protocoAround 100ml of each reagent was used per step.

Reagent Time Temperature
90% (v/v) ethanol 1 hour (at least) ~20°C

100% (v/v) ethanol 1 hour ~20°C

100% (v/v) ethanol (fresh) 30minutes ~20°C

100% Histeclear 1 hour ~20°C

100% Histeclear (fresh) 30 minutes 60°C

Add molten wax (25%) to Histdear (75%) 30 minutes 60°C

Add molten wax (50%) to Histdear (50%) 30 minutes 60°C

Fresh molten wax 30 minutes 60°C

Fresh molterwax 30 minutes 60°C

2.10Tissue sectioning and staining

Using a microtomgErgo star HM 200; Laborgee, Waldorf, Germany) fitted with MB35
premier microtome blades (Thermo Fisher Scientiéiogth; 80 by 8mm, thickness; 0.25mm,
cutting angle;37°) the blockedtissue was sectioned at4Y { K A &hil gbBoasioE the cut
block weretransferred to a heated water batlat 40°C to remove creasefefore being
transferredonto Superfrost+microscope slides (VWR). Slides were left to dry in a rack on a

hot plate at ~40°Cfor ~23 hours,after which theywere stored at room temperature (~20°C)
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prior to staining for up to 2 months To enable histological analysis of the tissue the sections
were stained usindnaematoxylin and eosirH&B (Culling, 1973 details of theprotocol are
shown inTable2.3. At the end of the staining procedures glass cover slips (VWR) were

mounted onto the slides usingistrene,Pasticiser andylene DPX mountant(VWR).

Table2.3 Haematoxylin andeosinstaining protocal

Solution Time
Xylene(ThermaoFisher Scientific) (x 2) 10 minutes in each
100% (v/v) ethanol 5 minutes
90% (v/v) ethanol 2 minutes
70% (v/v) ethanol 2 minutes
Wash in tap water 2 minutes
Haematoxylin (100%) 75 seconds
Wash in tap water 5 minutes
Acid Alcohol (1% hydrochloric acid in 70% (v/v) ethanol) ~ 5 seconds
Wash ir) tap water o , 2 minutes

g iSCt)”i ; V\I/Jat?;ra(vwg;b (wiv) Sbdiuid My drogen Bicarbonaie 30 seconds
Wash in tap water 6 minutes
Eosin (100%) 7 minutes
Wash in tap water 5 minutes
70% (v/v) ethanol (x 2) ~ 5 seconds
90% (v/v) ethanol 30 seconds
100% (v/v) ethanol 1 minute
Xylene 2 minutes

2.11Histological assessment of cortical tissue

Tissue sections werexamined under an inverted light microscope (NikMelville, USA As

the number of follicles in tissue pieces was so high dmyfsllicles in every fifth section were

counted, classified and measurements of oocyte foilicle diameter were takefBlock, 1951

Chambers, 2002 Absolute follicle counts were determined by multiplying the number of

follicles by 5. Note that in order to avoid duplication only oocytes in which a distinct nucleolus

that was visible within the nucleus were countéidundy et al., 1999Wright et al., 1999

Chambers, 2002 The number of follicles per mg of tissue was determined by dividing the

absolute number of follicles by the dry weight of the tissue at the end of culture (S&c8pn



Classification and Characteristics Image

(a) Primordial:- (a) [
-Single layer of flattened GCs
- Oocyte (um) : 34.6 (22.8-52.3)
- Follicle (um) : 40.8 (28.1-60.5)

Flattened GCs

(b) Early primary:- (b) 3

-Single layer of GCs 21 cuboidal
- Oocyte (um) : 40.6 (27.3-53.0)

- Follicle (um) : 50.8 (37.3-64.0) Cuboidal GCs

(c) Primary (c)
-Single layer of cuboidal GCs
- Oocyte (um) : 52.1 (31.0-80.0)
- Follicle (um) : 75.2 (49.7-118.8)

Visible
nucleolus

(d) Transitional (d) P& 3

- 2-<4 layers of cuboidal GCs
- Oocyte (um) : 72.9 (40.6-92.0)
- Follicle (um) : 128.5 (63.5-191.0) Zona

Pellucida

(e) Secondary (e)

- 4-<6 layers of cuboidal GCs
- Oocyte (um) : 87.8 (64.2-256.3)
- Follicle (um) : 194.1 (164.2-256.3)

Figure2.2 Characteristics of (a) primordial, (b) early primary, (c) primary, (d) transitional and
(e) secondey follicles and representative histological imagesken following H&E staining.
Mean (underlined) oocyte and follicle diameters and ranges (shown in parenthesiess
taken from(Lundy et al., 199@ h20edS Aa AYRAOFIGSR 2y (KS

Follicle and oocyte diametekgere calculated by taking two measuremenising a calibrated
eyepiece graticuleat 90° angles to one anothemd averaging them.Note that the follicle
diameter was measured up to the basement membrane surrounding the GC layéa(®iji et
al., 1997 and that the ZP was excluded when measuring oocyte dianfeterdy et al., 1999

Follicles were classified according to the criteria presentdddare2.2.
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The integrity of the stromal tissue was also analysed histologically. tlmiyiddle third of
histological sections for each sample was considéoeavoid any processing artefacs the

outer sections may have been damaged during the fixing and bippkotedures Every 4
section within the middle thircdf the samplewas analysed. The stromal scores used were
good, adequate and poor which were converted into numerical scores, 3, 2 and 1, respectively.
These stromal scores reflected the tissue #miticle integrity. Representative images of good,
adequate and poor quality tissue are shown in the ratgvchapters (Chapters 4 and 6 he

poor quality tissue had a grainier, less even appearance than the adequate and good quality
tissue. In the halthier and better quality tissue the cytoplasm of the oocytes was also
smoother and more even than in the lower quality tissue and folliclHse scores were based

on an estimate of the density of the tissue such that tissue was classified as: (i) plo®r i
stromal density appeared to be >40% absent/degenerate structure; (ii) adequatetd@0of

the tissue demonstrated a poor/degenerate structure; or (iii) good #180% of the tissue
demonstrated a consistently healthy appearance with clearly ddfimeiclei and tissue
structure. This stromal scoring system has previously been validat&libyon (200pwhen
scoring ovarian stromal tissue in relation to the percentage positivminal deoxynucleotidyl
transferase dUTP nick end labelifigJNE) staining of the tissue.

2.12Data analysis and statistical evaluation

Excel (Microsofd Office Excel 2007) was used to process data and plot graphs. All data was
analysed using Minitab version 18lifitab® 16.1, Minitab Limited, UK. Data was tested for
normality using the AnderseBarling test. Details of the statistical analyses carried out are
RSAONAOGSR Ay GKS YSGK2Ra asSoidAirzy 2F SI OK

considered statistically significant.

S E LIS NJ
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3 Development Of A Twébstep, Longlerm Culture System To Support The
Complete In Vitro Growth And Maturation Of Ovine Oocytes From The
Primordial To The Early Antral Stage.

3.1 Introduction

Development of an IVG system that supports doenpletein vitro growth and maturatiorof
oocytes from the primordial follicle stage would increase the understanding of this process
vivo and may facilitatethe use of IVG fofertility preservation in yang girls and women
(Picton & al., 1998 Smitz et al., 2010 Primordial follicles are psent in the ovarian cortex of
all premenopausal femalesThese follicles are preseintrelatively high abundance compared
to other more advanced stages dbllicular developmental(Gosdenand Telfer, 1987h
Ovarian cortex canbe relatively easily obtained from patients, via laparoscopy, and
subsequently cryopreservd®avidoff et al., 1998/Neintraub et al., 200 Primordial follicles
are relatively tolerant to the cryopreservation procedufdewton et al.,, 19960ktay et al.,
1998 Kim et al., 200,IHovatta et al., 1996500k et al., 1999

The activation, growth and development of oocytes and follicles from the primordial stage is a
complex and protracted proceds vivo and is not yet fully understood. ufing oocyte
development the acquisition of RNAnd proteins required for meiotic progression to the Ml
stage, fertilisation and early embryo development is esseffaton et al., 1998 Therefore
replicating this process vitro and providingthe developing oocyte with a follicular micro
environment as similar to that experienced vivg to promote oocyte healthjs extremely
challenging. However, th&%G and subsequent IVM of oocytes has resulted in the birth of live
offspring in mice(Eppig and O'Brien, 199®'Brien et al., 2003 Due to the leger size and
longer growth period of oocytes in larger mammals and humans itgrased far more
difficult to adapt the murineculture systems to suit these speciéBicton et al., 2008

Howe\er, some progreskas been made in larger species and primates.

3.1.1 Primordial follicle activation and development

As discussed in Chapter 1 many studiese investigatedhe optimal conditions for the
activation and development of primordial follicl@s viro. The use oECM and serumfree

culture meda containing 1TSand albumin substitutes is preferential to the use of serum
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containing culture medi with respect to the activation and growth of oocytasvitro as well

as the health of the oocytes and potential resultant offspiivandii et al., 1997Young et al.,

1998 Newton et al., 1999bWright et al., 1999Fernandez5onzalez et al., 2004ujihara et

al., 2012. Although the major components of serum and ECM are known their exact
compositions are complex and-défined (McGuire and Seeds, 198Picton et al., 2008
Interactions between components of the serum and ECM affecting follicle and oocyte growth,
development and health would therefore be difficult to elucidate. Therefore, iteshe fact

that the use ECM has been shown to improve the survival of early preantral follicles in long
term cortical culture it will not be used in this experimental se(idevatta et al., 1997 The

use of serum indture meda of oocytes has been shown to result in reduced activation rates,
decreased growth and development, increased levels of atresia and poor follicle morphology
with respect to the collapse of 3D structure when compared to follicles and oocyteseclin
alternate serumfree meda supplemented with ITS and albumin substitui®gandji et al.,

1997, Wright et al., 1999Newton et al., 1999b The addition of serum has also been shown

to inhibit the stimulatory effect of ooyte-derived factor, GDF9, on the IVG and development
of human follicles during cortical slice cultUtdreinsson etl., 2002. Additionally serum has
been shown to have deleterious effects when used in both sheep and mouse embryo culture
media leading to fetal overgrowth syndrome and alterations in behaviour, caused by aberrant
imprinting (Young et al., 1998 Therefore there are concerns that addition of seruml¥VG
media could result in aberrant imprinting as the maternal imprint is established during

gametogenesis as well as following fertilisat{®eik ¢ al., 200).

Thein situ culture of preantral follicles within slices of cortical tissue has been shown to
support follicle survival and development in the moy(Eepig and O'Brien, 1996'Brien et al.,
2003, cat (Fujihara et al., 2012 dog (Fujihara et al., 2012 goat (Silva et al., 2004a
MagalhaesPadilha et al., 2002 sheep (Chambers et al., 201CPeng et al., 2000 cow
(McLaughlin and Telfer, 201Wandji et al., 1996} nonhuman primate(Wand;ji et al., 1997

Jin et al., 201Brito et al., 201Band human(Wright et al., 1999Hovatta et al., 199,/Scott et

al., 2004a Telfer et al., 2008Parte et al., 2013Liebenthron et al., 2093 Culturingin situ
provides the follicles with sufficiemhechanicalsupport to maintain oocyté&sC interactions
andso provides arnvironment very similar to @ of the ovaryin vivo(Gosden, 1998Picton

et al., 2000. Therefore in this experimental series a serfnee, in situcortical culture system

will be utilised to support thén vitro activation and development of primordial follicles.
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Chambers (2002described a serumand ECMtree culture system in which ovine primordial
follicleswere culturedin situ within slices of cortical tissue for up to 3fays. This culture
system was able to support the vitro activation and subsequent growth and development of
some primordial follicles at a physiologically relevant rg&awyer et al.,, 2002 Some
researchers have reported the activation of the majority of primordial follicles present in the
tissue within the first couple of days of cortical cultu@andji et al., 1996bWand;ji et al.,
1997, Telfer et al., 2008McLaughlin and Telfer, 2010 The use of the system developed by
Chambers (2002resulted in a decrease in primordial follicle numbers accompanied by an
increasein early primary EB follicle numbers following 15 days culture. Following 30 days of
culture a 17% decrease in primordial follicle population was observed. The psedifirating

cell nuclear antigefPCNAand TUNEL staining showed that the levels of apoptosis remained
constant throughout the IVG of follicles thus indicating the maintenance of follicular and
stromal health. Additionally the weight of the tissue significantly increased following 15 days
culture, compared to day 0, showing that the tissue was healthy and the cells able to

proliferate.

The use of the culture system developed@iyambers (200Zhowed that NR could be used to
determine viable follicle counts and tissue viability in tissue without being detriatehie

health of the follicles, oocytes or stromal tissue. Tissue pieces were incubated with NR dye at
the start and end of an-8ay culture period showing that 61.5% tissue pieces remained viable
after culture(Chambers et al., 2010 Only 25% of follicles from viable cultured tissue sasp
exhibited signs of apoptosis on day 8 of culture and the levels of GC and oocyte apoptosis were
not significantly different from levels in day O tissue. The culture system developed by
Chambers (2002is able to support the growth, development and survival of ovine owaria
follicles for up to 30 days. The use of NR dye enables the determination of the follicle load in
each cortical slice. Therefore this culture system will be adapted and used in combination with

NR dye in this experimental series.

The hypothesis that agenesis is a stattop process resulting from the presence of inhibitory
factors produced by follicleés vivocan be investigated using models in which either there are
no, or very few growing follicles. Such models can be based around the culturalad\faties
which contain only primordial follicles, following ovarian tissue autografting, or when the
number of growing follicles is very low, such as during menopause. In these situations the

level of inhibitory factors being produced would be lower rihim a premenopausal, adult
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ovary therefore if the hypothesis is correct, rates of follicle and oocyte development should be
accelerated and so become more similar to that obseriveditro. In support of this notion,
declining levels of AMH have indee@dn linked to increased levels of primordial follicle
activation in the human ovary as they decline to undetectable levels around 5 years prior to
menopause, as a result of the declining follicular resefeddy et al., 1992Sowers et al.,

2008 Kelsey et al., 2031 Additionally increased rates of follicle growth and developime
have been observenh vivoin the absence of large, growing follicles. Development of follicles
from the primordial to the secondary stage takes around 18 days in adult mice, however, in
newborn mice secondary follicles and antral follicles are presdidgr 8 and 12 days,
respectively(Gigli et al., 2005Kerr et al.,, 2006 Similarly in both ovine and human fetal
ovaries increased rates of development of primordial follicles to the secondary stage have
been observedas taking 45 dayéSawyer et al., 20Q2uengel et al., 2002kand 133 days
(Konishi et al., 1986 in contrast to78 days(Cahill and Mauleon, 198land 270 days
(HimelsteinBraw et al., 1976Gougeon, 1986in the adult ovary, respectively. Following
grafting of frozerthawed ovarian tissue only primordial folliclage present, thus making this

a useful tool for studying follicle growth in the absence of growing follialesvo(Newton et

al., 1996 Baird et al., 1999 In both the sheep and human, exposure of grafts containing only
primordial follicles to increased levels of FSH resulted in increased levels of development
(Oktay et al., 1998Campbell et al., 2000 Exposure of autografted ovine ovarian tissue to
increased levels of FSH resulting from decreaseeldeof inhibin and oestrogen in the absence

of Graafian follicles resulted in the development of small and large antral follicles following
only 34 months (Campbell et al.,, 2000 In contrast grafts that had been exposed to
physiologically normal levels of FSH contained a lower number of small antral folliclébever
same time frame. Similarly, human ovarian tissue xenografted to SCID mice and exposed to
FSH stimulation resulted in development of follicles to the antral stage following only 129 days,
whereas in the absence of FSH stimulation development passéieendary stage was not
observed(Oktay et al., 1998 It should be noted that even in the ale® of FSH stimulation
increased rates of follicle development were observed as secondary follicles were present 77
days after grafting, compared to 270 days in the adult owaryiva Therefore a reduction in

the follicular reserve or thabsence of grving folliclescan result in increased levels of follicle

activation and development.
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3.1.2 Isolated preantral follicle culture

Although the earlier preantral stages of follicular development can be suppdmtsiduonce

the transitional/ secondary stages areached it is necessary to isolate the follicles to allow
growth to continue(Abir et al., 1997Hovatta et al., 1997Telfer et al., 2008Picton et al.,
2008. Various systems have shown that it is possible to support the development of isolated
preantral follicles up to th&Astage in the mouséNayudu and Osborn, 199€ortvrindt et al.,
1996 West et al., 200) sheep(Cecconi et al., 199Newton et al., 1999bcow (Itoh and
Hoshi, 2000McLaughlin and Telfer, 20},honthuman primate(Xu et al., 2012sand human
(Telfer et al., 2008 As mentioned in Chapter 1 a large amount of research has been
conductedto definethe optimal conditions required to support preantral follicle development

in vitro. A major challenge during isolated preantral follicle culture is the maintenandgeabf
oocyte-GC interactiongPicton et al., 2008VicLaughlin and Telfer, 2018mitz et al., 2010 As
discussed in Chapterdpproachesaffecting the maintenance of these interactions include the
use of 2D vs. 3D culture systems, enzymatic vs. mechanical isolation, the length of culture and

the composition of the ctilire meda.

Newton et al. (1999bdeveloped a serurfree culture system that supportetthe induction of
antral cavity formatiorand development of isolated ovine oocy@C complexes, following a
period of tissue digestion usirgpllagenase. Follicle survival rates were dependent upon the
size of the follicle at the time of isolation. Around 40% of follicles size€240(m on the day

of isolation maintained their 3D structure after 1B@urs in culture. This was nothowever,
observed in follicles <190um on the day of isolation, afolitles in this size rangexhibited
somedegreeof loss of 3D structuregas manifest byextrusion ofthe oocyte;necrosis; collapse
and adherencdo the culture plate, after 12@Gours. ltshould be noted that the maintenance

of 3D structure was also dependent upon the length of exposure to collagendisen was
used to soften the tissue in order to facilitate follicle isolatidndusion ofeither FSH alone or

in combinationwith LH inthe medium promoted antral cavity formationCulture of follicles
isolated from fresh tissue in the presenceganadotrophingesulted in 2%9% forming antral
cavities, around day 14 of culture. When the media was not supplemented with
gonadotrophins oly ~®% of follicles formed antral cavitiegurthermore, follicles that formed
antral cavities and were cultured in the presence of testosterone produced levels of oestradiol
indicative of the induction of aromatase in the cells and comparable to thitliafles isolated
from fresh tissue(Picton et al., 1990 Progesterone production was not affected by the

presence or absence of testosterone. Although oocytes grew to full size after 30 days culture,
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follicles did not: probably to minimise the diffusion distance of required metabolit€his
culture system is able to support the growth and developmensaxfondaryovine follicles of
190-240pm at the time of isolation to th&Astage. Early antral follicleslerived using this
system exhibit normal steroidogenic functidn vitro when incubated with testosterone.
Therefore in this experimental series the preantral follicle culture system used will be based

upon this system.

As with cortical culturethere issome disagreementegardingthe optimal length of culture
needed to support growth and development from the preantral Bé stage. The longer
follicles remain in culture the more difficult it is to maintain 00c@E€ interaction integrity,
thus in this espect accelerated culture is preferable to protracted cult(ivicLaughlin and
Telfer, 2010. However, as with cortical culture, there are concerns that accelerated culture
may affect the developmental competen@nd epigenetic healttof the resultant oocytes
(Picton et al., 2008 There are examples of the use lobth long and shortterm preantral
follicle culture periods.In the aforementioned studyNewton et al., 1999pbthe timescale of
~14 daysefore antal cavity formatioris observedis the same as that reported tBarboni et

al. (201}, however, in the latter study the ovine preantral follicles were slightly smaller at the
start of culture ~170um. Additionally, antral cavitymation was observed in aonsiderably
higherpercentageof follicles than reported bjNewton et al. (1999n(70% vs. 30%), although

it should be noted that in théarboni et al. (201)1study the meda was not serurdree and

the follicles were mechanically isolated, which may have affected antral cavity formatmn
However,Cecconi et al. (199Qsed a serunriree culture system and reported a high rate of
antral cavity formation (80%p isolated peantral follicles 120260um diameter,after only 6
daysin vitro, when cultured in 5% £and 1pgmf FSH.McLaughlin and Telfer (2016bserved

the development of transitional bovine follicles11@um diameter,to the EAstage afteronly

12 daysof isolated culture. Ima separate study this group isolated more developed bovine
preantral follicles (~160um) from fresh tissue and reported >40% developing tBAlséage

by day 8 of cultur§dMcLaughlin et al., 2030 In both these studies the addition @f high
concentration (100ngri) of activin A to the culture mediumppears to be responsible for the
accelerated growth rate.In the absence of activin A the mean growth rates exhibited by the

follicles was signifigaly lower (McLaughlin and Telfer, 201BlcLaughlin et al., 2030

The compogion of the culture medi affects preantral follicle growth and survival vitro. For
example, m addition to the promotion of follicle growtim vitro, activin A ha®een shown to

promote preantral follicle survival, potentially partly via the promotion of ooeg@
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interactions (McLaughlin and Telfer, 201@a Silva et al.,, 20)3Zhao et al. (2001used
transmission electron microscopy to assess the ultrastructure of rat preantral folliclétso.
Follcles cultured in activin -Asupplemented mea@ had more developed oocyt&C cell
contacts than those cultured in activin- &Aee meda. Connexin protein, Cx43, is a key
component of gap junctions in bovine somatic follicular c@liszzi et al., 2001 Indusion of
activin A in the meaiof cultured bovine preantral follicles resulted in the promotion of Cx43
expression, when compared to follicles cultured in the absence of acti(McRaughlin et al.,
2010. Ascorbic acid is another cultumeedia additive that has been identified as being able to
promote preantral follicle survival, which it does Vs antroxidative ations and its capacity
to promote basement membrane productiofMurray et al., 2001Telfer et al., 2008Andrade

et al., 2012 Thomas et al., 2001 Arunakumari et al. (20)0carried out an extensive
investigation into the determination of the optimal combination and concentrations ofvtr
factors and hormones required to promote the development of secondary ovinddsllic the

EA stage:l% ITS, 10myl* each of IGE and Insulin and 1mlUfh of GH. Under these
conditions ~3% of follicles, 25@00um diameter at the start of cultureyere grownand
matured up to the MII stage anthen fertilised and were competerid develop to the morula
stage, however, none were competent to develop to the blastocyst stage. Bueflgr these
conditions of the 250 preantral follicles cultured aal cavity formation was observed in 80%
and 68% developed up to the MIl stage. Of the 170 MIl oocytes 26% reachedeHestage
following fertilisation and 16% reached the morula staddne producion of anembryo from

an in vitro-derived oocyte, citured for a total of 18 days from the secondary stage, has also
been reported in the goafMagalhaes et al., 20)1 Secondary follicles were cultured in the
presence of 50ngMIGH; resulting in antral cavifgrmationin 93% of follicles and 50% of the
oocytes maturing to the MIl stage. Following IVF of than3gitro-derived MIl oocytes one
embryo was produced In the currentexperimental series a serufmee, 3D preantral follicle
culture systemwill be utilised in order to assess ovine follicle growth and development over a

maximum of 30 days.

3.1.3 Multi-step IVG systems

Resarch suggests that the IVG of oocytes will be best achieved using a multistep system in
which conditions are altered to meet the requirements of the oocyte and somatic cells at each

developmental stagé¢Picton et al., 1998Eppig and O'Brien, 199%elfer et al., 2008Smitz et

al., 2010. Although considerable research has been conducted with the aim of optimising

each individual step of the IVG culture systems, limited research has been conducted in which
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multiple steps have been linkegarticularlyin larger mammals and humans. The aim of this
chapterwas thereforeto develop ad linkthe first2 phases ot multistepculture system that
supports oocyte developmernn vitro, from the primordial follicle stagap to the EAstage in
sheep. The fitsstep of this systemwill support the activation and development of primordial
follicles to later preantral stages situ At the end of the first stage of culture the preantral

follicles will then be isolated and cultured individually to thastage.

3.1.4 Aims

The first aim of this experimental series was to compare the utility of-lang shortterm
cortical culture systems with respect to the activation, survival, growth and development of
ovine primordial follicles. In order to achieve thigllicles werecultured in situ for varying
lengths of time in order to determine optimal culture lengthAt the end of the cortical culture
period follicle population dynamiosere assessed both in the fresh tissue and histologically.
The second aim dhis experimental series was to determine whether follicles gramvritro

using this culture system were competent to develop up to the EA stages once they were
isolated and cultured individually. The third aim of this experimental series was to compare
the growth, development and survival ratesiofvitro- andin vivaderived follicles. Preantral
folliclesderivedin vitro were isolated and put into individual culture and their developmental
competence assessed with respect to survival and growtbsrats well as their ability to

develop to theEAstages, relative to follicles isolated from fresh tissue.

3.2 Materials and Methods

3.2.1 Experimentl ¢ step 1In situcortical culture

Tissue culture was set up and carried out as detailed in SectioA3.22.1A diagrammatic
representation of the basic methodology used is showhRigure 3.1. As decribed previously

the pieces of cortical tissue were weighed at the start and end of culture. Cultures were run
for 6, 16, 19 or 23 days.At the start and end of the culture period tissue pieces were
transferred to Neutral Red dye to assess tissue ligbtdetermine viable follicle counts and to

aid follicle isolation, as described in Section 2.8, in preparation for Se&:®a? Experimental

step 2¢ preantrd follicle culture. Pieces of cortex were fixed for histological evaluation on
days 0, 6, 16, 19 and 23 of culture, then processed and analysed as described in Sections 2.12

2.14. The number of viable follicles in each classification and the numbergeherating
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follicles per mg tissue at each time point was determined as well as the diameter of each
follicle and oocyte. Five pieces of cortex were analysed per culture repeat and 4 culture

repeats were performed for each time point.

3.2.2 Experiment 2¢ step 2 preantral follicle culture

Follicles were isolated from both cultured cortical tissue on days 16, 19 and 23 of culture and
from fresh day O tissue. A culture period of 6 days yielded only primordia¢anhgl primary

(EB follicles, therefore follites isolated from this tissue were not put into culture. It was
possible to isolate follicles from cultured tissue using mechanical means only, whereas follicle
isolation from fresh tissue required the use of enzymes to digest and soften the tissu¢oprior

mechanical isolation as this tissue was tougher.

The process of follicle isolation from fresh tissue will be described first, which as previously
mentioned was achieved using enzymes to soften the tissue. The process of ovary isolation
from the reprodictive tracts was the same as described in Sections 2.1 and 2.2, except that
the ovaries were stored in 50m| prearmed Follicle Isolation Media (FIM; see Appendix I) in a
60ml sterile universal, at 3T rather than in RKWM. All processing of tissue aased out

on a heated stage at 3C under laminar flow conditions. Each ovary was transferred to a
sterile Petri dish then sliced in half along the line of connective tissue which had previously
connected the ovary to the tract, using a sterile scalpain@lle size 4 with a size 2ffade)

Using the same scalpel the stromal tissue on each half of the ovary was first loosened by
making small incisions. Care was taken to not cut completely through the tissue thus avoiding
any damage to the outer cortexThe stromal tissue was then removed by slicing at an angle
with the scalpel to leave a piece of cortex <2mm thick. The pieces of cortex were then
transferred to a 5ml sterile universal containing ~4ml-pr@rmed FIM at 3%C. This process

was repeatedusing 46 ovaries. All of the pieces of cortex were then transferred to a new
AGSNRES tSGNR RAAK gKSNB (KS (2miy kg 2aterde WY Ay
scalpel blades at a 18@ngle to each other to slice simultaneously. Care taksn to apply

an adequate amount of pressure to ensure the tissue was sliced rather than torn apart. The
tissue was then transferred to 10ml of pwearmed 50100% w/v collagenase (type 1A)
O2yGFAYyAy3 nn>f 5blasS G2 nA'AEESAppendX A) ok 460 02 y O
minutes with agitation, at 3%C in a hybridisation oven/ shaker (Stuart; S130H). Following
enzyme digestion tissue pieces were washedl thines in cold 415 medium containing 10%

FCS viv, at°C.
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Hgure 3.1 A flow diagram showing the basic methodology used in this experimental séffes.number of pieces of cortical tissue (p) used in each step is

indicated, as is the number of culture repeats (nJand the number of follicles (f) following follicle isolation.
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Tissue pieces were thetransferred to prewarmed and gassed NR plateentaining NR

&2t dzii A 2™ (dedFgupe2.2) 3 TheNRplates were then returnedo the incubator and

left for 40-60 minutes. As previously mentioned follicles were isolated from cultured tissue
using mechanical means only, in the absence of enzymes thereforetifierpoint the fresh

day O tissue was processed in the same way as the tissue cultured for 16, 19 or 23 days, see

below.

After incubation in NR solutiorhé tissue was transferred to prearmed FIM and positively
stained follicles were dissected ingtass bottom dish (WillCo Wells\B Willco Beheer BV,
Amsterdam, Netherlandg)sing 30 gauge needles attachedlml syringe barrels. Care was

taken to ensure the majority aftromaltissue was removeftom each follicle

Table 3.1 Composition of preantral culture maai The volumes required to make a 30ml
solution are shown, with the stock and final concentrations. The solution was filtered and
stored for up to 1 week.

~ Stock Final
Additive + 2 £ dzY ¢ Concentration Concentratior
Basal culture medi(seeAppendix I) 9.716ml
Bovine holetransferrin 10 5mgml* p > IV f
Sodium Pyruvate 10 47mM 0.047mM
Sodium Selenite 1 pn>3Yft Sngmi*
L-glutamine 150 200mM 3mM
Bovinelnsulin 10 mMmn>3Yf 10ngm*
Human bng-R3 IGA 1 MAan>"3Yf 10ngmil
Ovine FSH 1 0.1iumfr* 1 x 10iUmr*
Ovine LH 1 0.0023UmI* 2.3 x 10iUml*

*The solution was filtered and stored for up to 1 week. See Appendix | for details of the
preparation of basal culturemedium and additives.

Following dissectiompreantralfolliclesfrom EP stage onwardsere transferred toa Nunc 4
well dish containing 5Q@ pre-warmed and gassed culture medo wash offany FIM. Note
that only secondary follicles were isolated fromegh tissue. Isolated follicle culture was
undertaken using®6-well sterile flatbottomed plates (Nunclon, catalogue number: 167008)
O2y GFAYAYy3 Hnn>f a(siBablas.i) pdr el Nol thiatiieInediuSeR fo
culture follicles isolated mechanically also contaiped > 3 &¢orbic acid, which was added

immediately prior to use, to aid basement membrane remodell{Murray et al., 2001
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Thomas et al., 2001 Asin vivaderived secondary follicles had been isolated using enzymatic
means this removed the basement membrane, therefore the addition of ascorbic acid was not
necessary. Platesere setup 3 hours prior to use and placed in the incubatoetpilibrate

Using a pipetteisolatedfollicles werecarefullytransferred to the 96 well platén a minimal
volume of meda, one folliclewas culturedper well. Care was taken to posititire follicles as
close to the centre of the well as possiblEollicle diameter (excluding any attached stromal
cells) and oocyte diameter were measured using an inverted microg€lyepus 1X70) fitted

with a calibrated eye graticuland a heated stagat 37°C To calculatefollicle and oocyte
diameter 2 measurements were taken at 90° angles and then averaged. The number and
classification of the follicles at the start of the second phase of culture \abse recorded.

Thefollicle classification sysmused in this experimental serigsdetailed inFigure3.2.



Oocyte GCs Zona Pellucida

Oocyte Diameter (um)  40.6(27.3-53.0) 52.1(31.0-80.0) 72.9(40.6-92.0) 87.8(64.2-256.3)
Follicle Diameter (um)  50.8(37.3-64.0) 75.2(49.7-118.8) 128.5(63.5-191.0) 194.1(164.2-256.3)
Number of GC Layers 1 (>1 cuboidal) 1 (all cuboidal) 2-<4 4-<6

Figure3.2 A diagrammatic representation and tabulated description of the classification and characterisation of EP, primary, thasiticecondary ovine
follicles. The mean diameter of follicles and oocytes is shown with raimgparentheses. Images areinfvitro-derived follicles, scale bar =25%. Data regarding
follicle and oocyte diameters taken frobundy et al(1999.

G6
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Preantral folliclecultures were run for a mximum of 30 days. Medlichanges and follicle/
oocyte diameter measurements were carried out and phowesre taken every Monday,
Wednesday and Friday of culturdledia changes were conducted on a heated stag@#tC

50% of the mediin each ofthe wellswas replenished during each changdf the follicle
diameter did not incease across 3 consecutive medhangegdiameter measurementshen
culture of the follicle was terminated as it was deemed that this follicle was either dead or
degenerating. Culture of the follicle was also terminated if the oocyte was completely
extruded or the follicle had completelpttached to the plate or was clearly necrotic.

Representative images of follicles exhibiting these features are shofrigune3.3.

In order to determine whethefollicles were viable either at the end of the 30 day period or

when they were deemed to be degenerating or dead NR staining was ASgtlaliquot ofNR

dye was added to the culture mexiin the welli 2 3IA @S | FAYyIlmltathg OSY (I N> GA2Y
tissue wadeft for 15 minutes. The level of staining obsatweas recorded and photos taken

using an Olympus DP11 attached digital came3amples of viable and degenerating follicles

were snap frozen in lysis buffer (see Appentixfor subsequenmolecular analysis (Chapter

5).

Figure 3.3 Representative images of secondary follicles exhibiting poor health in culture;
partial oocyte extrusion (a), misshapen (b), early necrosis (c) and attachmfailicé to the
culture surface (d)Scale bar = 1Q0n.

3.2.3 Statistical analysis

The distribution of data was analyséar normality using the AnderseDarling test. Follicle
counts in Experiment 1, stepclin situcortical culture and increases apercentage increases
in follicle diameter recorded in Experiment 2, step 2 were analysed usingvapeANOVA.

Follicle proportions data in Experiment 1 was analysed usingduiaired analysis.
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3.3 Results

3.3.1 Experiment 1 Cortical Slice Cultuggorimordial follicle activation and development

In this experimental serie4 lengths of cortical culture were compared; 6, 16, 19 and 23 days

over a total of 31 cultures, seegure 3.1. The follicle population dynamics observed in fixed

tissue are shown in Figur&s6 and 3.7 b23S GKIG GKS GSNY WTAESH
has been analysed histologically. The follicle population dynamics observed in fresh tissue are
shownin Figure3.9¢ b20dS GKIFIG GKS GSN)Y WFNBAK GAaadsS

using NR dye either before or after culture.

(1) Histological assessment ofliole populationdynamics

Firstly, tissue fixed either on day O or after culture was used to determine the relationship
between the diameter of oocytes and follicles derived eitirevivoor in vitro, respectively,

see Figure3.4. Data regardingn vitro-derived follicle and oocyte diameters refers to that
observed in tissue fixed after 6, 16, 19 and 23 days of culture. A strong positive correlation
between oocyte ad follicle diameter was observed in both vive and in vitro-derived
primordial, EP, primary and all follicle classifications (p<0.001). Transitional and secondary
follicles were not considered separately as there were such low numbers of these

classifcations observed in fixed tissue samples, this data was therefore pooled before analysis.

The mean diameter of oocytes and follicles within each preantral follicle classification on days
0, 6, 16, 19 and 23 of culture are showrFigure3.5. The data were analysed both across 4
culture repeats (see (a) and (b)) and across all follicles recorded (see (c) and (d)). Similar
patterns were observed in all groups withrydittle variation in follicle and oocyte diameter in

the primordial and EP follicle categories at any of the culture lengths considered. Tissue fixed
following 6 days of cortical culture did not contain follicles more advanced than the EP stages.
In cantrast in the more developed preantral follicle classifications more variation was
observed. For example, the mean diameter of primary follicles and oocytes observed in day 0
tissue was significantly greatép<0.05 than that observed on day 23. Wheretiee mean
diameter of transitional follicles present in day 23 tissue was significantly grgatérO5)han

that observed in day 16 or 19 tissue. When the mean diamsaitirll oocytes and follicles
were considered separately in Figur8s$ (c) and (d) the overall patterns observed were

similar.
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Data regarding follicle population dynamics is showirigure3.6 with respect to the mean
number of follicles per mg of cultured tissue (a); determined using the tissue weight at the
start of culture, andpercentage (b) of total number of viable follicles, viaptenordial and
growing, and degenerating follicles in tissue fixed on days 0, 6, 16, 19 and 23 of culture. Both
methods of presenting the data show a similar pattern of a decrease in the number of
primordial follicles on days 16, 19 and 23 of culture, pamed to day O, accompanied by an
increase in growing and degenerating follicles. None of these differences in the mean number
of follicles (a) are statistically significant (p>0.05) except for the increase in number of
degenerating follicles per mg tisswon day 16 (295), relative to days 0 and 6, 68 and 35,
respectively (p<0.05)The distribution of follicles on days 0 and 6 was significantly different
(p<0.05)rom that on days 16, 19 and 23. The lowercentageof primordial follicles on days

16, 19and 23relative to days 0 and @as the biggest contributorWith respect to the day 6
tissue, although the mean number of follicles in all categories decreased compared to day 0
Figure3.6 (a), the proportion of follicles remained simil&igure3.6 (b). However, a slight
decrease in the mmber of primordial follicles is apparent in the cultured tissue, compared to
the day O tissue Figure3.6 (b) shows that the percentage of primordial follicles desed on

days 16, 19 and 23 of culture; 30%, 37% and 40% respectively, compared to days 0 and 6; 64%.
This could be due to either follicle activation or atresia, or both. As the increase in the
percentage of degenerating follicles is greater than thagrafving follicles on days 183, this
suggests that follicular atresia is the greater contributor towards the decrease in percentage of

primordial follicles.
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Figure3.4 Relationsip between follicle and oocyte diameter of vive andin vitro-derived primordial (a), EP (b), primary (c) and all follicle classifications (d) in
fixed tissue. A strong positive correlation (p<0.001) between follicle and oocyte diameter was obsienadddata sets, analysed using analysis of covariance
(ANCOVA). The number of follicles analysed in each data set is shown (n) a$isthe fr each trend line. Note that many of the points are overlaid
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(a) Mean follicle diameter across 4 culture repeats

180 1 @Day 0

_ 160 | oDay6 |
é 140 1 mDay 16
‘aE'.a' 120 | mDay19
-g 100 |- @Day23
S 80 - T ©
©
e C g9
S 40 - <
=

= rrom (TR || A

O T T T 1

Primordial EP Primary Transitional Secondary

Figure3.5 Mean follicle and oocyte diametaf primordial, EP, primary, transitional and secondary follicldtssue fixed on days 0, 6, 16, 19 andd?Zulture
Data ispresented as the mean follicle (a) and oocyte (b) diameter averaged over 4 culture repeats and as the mean follicleo@jter{d)diameter of all
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(b) Mean oocyte diameter across 4 culture repeats
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follicles (n) measured + SEM. Mean diameters were compared across culture heitgihseach follicle classification and statistically significant differences are
indicated with the use of different letters (p<0.05}or example, in (a), the mean primary follicles diameter is significantly greater (p<0.05) in tissue fixed on day 0

than in tissue fixed on day 23. There is no significant difference (p>0.05) between the mean diameter of primary felobesdays 0, 16 and 19 or between
those fixed on days 16, 19 and 23. Similarly there is no significant difference (p>0.05ni@athiéransitional follicle diameter in tissue fixed on days 16 and 19,
however, the mean diameter of transitional follicles in tissue fixed on day 23 is significantly greater (p<0.05) thame ifixgslson days 16 and 19. The same

principle applies ifb), (c) and (d).



(c) Mean follicle diameter across all follicles
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Figure 3.5 (continued)
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(d) Mean follicle diameter across all oocytes
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Figure3.6 Follicle population dynamics in fixed tissue samples on days 0, 6, 16, 19 and 23 of
culture. The total viable, viable primordial and growing and degenerating follicles are
presented as mean number of follicles + SEM per mg tissue at the start of culture for 4 culture
repeats (a) and the % of follicles (b). The mean number of follicles witlsim egtegory

between days 0, 6, 16, 19 and 23 were analysed usinggohe2 | bh+! 3 GgAGK CAA&
testing. Statistical differences (p<0.05) are indicated using different letters. Staiystica
significant differences were only observed in the degetisgacategory. The distribution of

the % of primordial, growing and degenerating follicles between days 0, 6, 16, 19 and 23 was
analysed using Ckiuared analysis; there were no statistically significant differences.

The follicle population dynamics ifixed tissue samples were considered in more detail in
Figure3.7. In thisfigure only viable follicles were considered and the category of growing
follicles was boken down into EP, primary and mtliyered (transitional and secondary).
Data regarding tissue fixed on day 6 was not included as there were no follicles more

developed than the EP stage at this culture point. The mean number of follicles per mg fixed



104

tissue is presented ifrigure3.7 (a). The number of EP follicles is similar before and after

culture.

The number of primary follicles increased after ldagn culture, although this increase was

not statistically significan{p>0.05) seeFigure3.7. There were no muHlayered preantral
follicles present in day 0 tissue, howeyveulti-layered follicles were present after 28 days

of culture. There was no significant differer(pe0.05)in the number of multlayered follicles

on days 16, 19 and 23. Tpercentage of primordial, EP, primary and midifered follicles, in
tissue fixed on days 0, 16, 19 and 23 is showkignre3.7 (b). Thepercentage of primordial
follicles decreased in the cultured tissue compared to the day O tisslereas the
percentage of EP and primary follicles increased. The increase in EP follicles in cultured tissue
appears more pronounced than iRigure 3.7 (a). Chisquared analysis revealed that the
distribution of the percentageof follicles in each classification on days 16, 19 and 23 was
significantly different from the distribution on day 0 (p<0.001). On days 16 and 19 the higher
percentageof primary follites, compared to day 0 waselgreatest contributor. In contrast,

on day 23 the highepercentageof EP follicles, compared to day 0, was the greatest
contributor (p<0.001). The greatest increase in thpercentage of primary follicles was
observed on dayl9, 4.0%, vs. 1.8% observed on day 0. As there were no primary follicles
observed in the day 6 tissue this suggests that the primary follicles present in the day 0 tissue
had degeneratedthus the primary follicles observed on days-28 have resulted &m the
activation and growth of primordial or EP folliciesvitro. It should be noted that secondary

follicles were only present on day 23 of cultude7%
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(a) The mean number of growing follicles per mg tissue
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Figure3.7 Preantral follicle population dyamics in fixed tissue samples on days 0, 16, 19 and

23 of culture. The total EP, primary and muléiyered follicles are presented as mean number

of follicles+ SEM per mg tissue for 4 culture repeats (a) and the % of viable follicles of all
preantral classifications (b). The mean number of primordial follicles was not shown in (a) as
this was a much larger figure than that of the midiyered follicles and threfore made the
graph difficult to interpret. Furthermore, this data has already been presentédginre3.6.
The mean number of follicles were dysed using ong I € !
No statistical differences were observed when follicle numbers within each
classification were compared at the different time points. The distribution of the % of viable
follicles was analysed ugjrChisquared analysis.
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(i) Isolation of follicles from cultured tissue

The mean weight of the tissue was measured and calculated at the start and end of each
culture period, as shown iRigure3.8. Following 6, 16 and 19 days of culture there were very
small increases in mean tissue weight compared to the start of culture. Following 23 days of
culture, however, there was a larger stdically significant (p<0.05) increase in mean tissue
weight, from 0.01020.0011g to 0.01980.0014q9 for 9 culture repeats. The approximate mean
follicle density in cortical slices selected for culture on day O, determined using NR staining,

was 32@209follicles per mm
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9
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Q
=
v 0.01 -
5
= 0.005 - I""
(1]
=
0
Start End Start End Start End Start End
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Figure3.8 Histogram showing theneanweight of tissue at the start and end of each culture
period. Data is shown as the mean weighSEM for the number of culture repeats indicated.
Data was analysed using pairetkst to compared tissue weight at the start and end of culture
within eachculture durationtested. Satistical differencesre denoted using *p<0.05. Qnon
day 23wasa statistically significant change in tissue weidhtected

Follicle population dynamics were also assessed following isolation frostanfed cultured
tissue, as shown ifigure3.9. Note that inFigure3.9 follicle counts are presented as the
mean number per g, rather than mg, of tissue as the number of secondary fallielssnt at

the end of culture per mg of tissue was <1. Therefore rather than present a proportion of a
follicle, which is not very biologically relevant, follicle counts were considered per g. The
primordial/ EP follicle counts are not shown for freséstie. This is because the tissue was
warm after culture and therefore stained rapidly with NR dye such that it was difficult to
discriminate between cortex staining and follicle staining. Therefore it was not possible to

accurately count the number ofafdle primordial/ EP folliclem situin tissue immediately at
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the end of culture. For this reason it was not therefore possible to presenpeheentage of
follicles present in fresh, cultured tissue. The mean number of primary, transitional and
secondary follicles presetnon days 16, 19 and 23 in fresissue is shown. There were no
follicles more developed than EP on days 0 and 6 of culture. There was no difference in the
mean number of primary, transitional or secondary follicles after each cutturation. There

were fewer primary follicles per g of tissue present on day 23387ollicles) compared to

days 16 and 19, (3#101 and 272106 follicles, respectively), although this difference was not
statistically significant (p>0.05). This sligleicrease in primary follicle numbers may have
been due to either the follicles developing further or degenerating. As the transitional and
secondary follicle counts are very similar on days 16, 19 and 23 of culture, it is most likely that

the observed derease in primary follicles on day 23 is most probably due to follicle

degeneration.
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Figure3.9 Mean number of primary, transitional and secondary follicles isolated per g of tissue
cultured for 16, 19 an@3 days. Values are shown as mearSEM per culture repeat for the

number of repeat cultures (n) shown the key. Note that in thisggure the mean number of

follicles is presented per g rather than per mg of tissddne mean number of follicles wer
analysedusingorg @ ! bhx! 3> gAGK CAAKSNRa IR K20 (Sa
observed when follicle numbers within each classification were compared at the different time
points

3.3.2 Experiment 2: Preantral follicle culture using vitro-derived follicles

The growth rates ofin vitro-derivedisolated EP, primary, transitional and secondary follicles

over a 30 day period are shovimFigure3.10. Thepercentageof follicles of each classification
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surviving culture is shown ifiable3.2. In thiscontext follicle survival was determined by the
criteria for terminating culture detailed in Sectidh2.2 Secondary folliclehad a mean
diameter of 219.%10.5um on the day of isolationi.e. day 0 of preantral culturend reached

a maximal diameter of 984uBn (n=1) after a total of 43 days of culture (19 days cortical
culture plus 24 days preantral culture). Of th@& secondary folliclesultured 18.8% develped
antral cavities. Secondary follicles exhibited the highgs¢rcentageof follicles surviving
culture on day 21 of culture, although this was only 12.5%, and both attachment of the follicle

to the culture surface and oocyte extrusion were very common.

Table 3.2 A summary of the percentage of follicles actively growing in preantral culture on
days 7, 14 and 21.

Percentage of surviving follicles

Classification

Day 7 Day 14 Day 21
EP 40.0 0.0 0.0
Primary 25.6 154 10.3
Transitional 31.6 10.5 8.8
Secondary 43.8 12.5 12.5

Thein vitro-derived transitional follicles (diameter 9&8.9um, n=57 at the start of culture)
developed to the secondary stage following isolation, however, they failefbrim antral
cavities after a total of 429 days in culture. The transitional follicles reached a maximum
diameter of 207.349.5.m after 24 days of preantral culturesee Figure3.10. Transitional
follicles survived for a maximum of 26 days in culture (n=3). However, both attachment of the
follicle to the culture surface and oocyte extrusion were more common in this classification of

follicle than in primary follicke

The in vitro-derived primaryfollicles did not develop past the primary stage in preantral
culture, and only a small increase in sifeom 72.52.2um (n=39) to 103m (n=1)was
observedseeFigure3.10. Similarly then vitro-derived EP follicles did not develop past the EP
stage and only a small increase in diameter was observed+B80n (n=5) to 68.210.1um

(n=2) Furthermore, EP follicles only survived to day 7 of culture, although this could be
partially due to the very small number of EP follicles cultufelfowing isolation, sed-igure

3.10. Only 1 primary follicle was evident in culture after 28 days, whereas 10.3% of primary
follicles survived culture up to day 21. It is worth noting that the termination of primary follicle
culture was usually due to the fact that foles stopped growing as indicated by increase in

diameter rather tharexhibitingincreased signs of ill health.
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The level of growth oin vitro-derived follicles after 7 days of culture is showrFigure3.11.

Only follicles that were still viable on day 7 of culture have been included in these calculations.
All 4 classifications of follicle increased in diameter after 7 days of culture. Theinoceaase

in diameter of secondary follicles is significantly greater than that of EP, primary and
transitional follicleskigure3.11 (a)). The mean increase in drgeter of transitional folliclesn

vitro was only 17.1+3.4um compared to a mean increase of 76.4+7.5um exhibited by
secondary follicles, which is a 4.5 fold greater increase. It is to be expected that a greater rate
of growth would be observed in secongarollicles than follicles at an early stage of
development due to their larger starting size and the fact that therenaoee somatic cells to
proliferate. Therefore thgercentage increase in diameter was also taken into consideration.
The percentageincrease in diameter of secondary follicles, 38.0% was significantly
greater (p9.05)than that of the primary and transitional follicles, 16435% and 17 £2.9%,
respectively. However, theercentage increase in diameter of EP follicles, #05% was not
significantly differenfp>0.05)from that of any other follicle classification. This is likely to be
due to the very low sample number (n=2) of EP follicles, rather than the EP follicles growing at
as high a rate as the secondary follicles. seEheesults show that the isolated secondary

follicles exhibited the highest growth rat@svitro.
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Figure3.10 Growth rates ofin vitro-derived preantral follicles in step 2 isolated culture over a

period of 30 days. Valuesare presented as the mean diameter SEM for the number of

follicles (n) shown.Representative images of an EA follicle (a) which developed from an
vitro-derived secondary follicle (b) following isolation and individual cultureshosvn, as well
asimages oh ViroRS NA SR GNI yaAGA2y Lt 000X LINAYINE 6RO
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{a) Mean increase in follicle diameter after 7 days of culture
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Figure3.11 Growth of in vitro-derivedfollicles in preantral culturafter 7 days of culture.(a)

The mean increase in EP, primary, transitional and secondary follicle diameter after 7 days
preantral culture. Values are presented as the mean diameter + SEM for the number of
cultured follicles shown. Statistical differenciesthe mean increase in diameter between
different follicle classifications are denoted using *p<0.05. (b) The % increase in EP, primary,
transitional and secondary follicle diameter after 7 days preantral culture. Values are
presented as the meafo incrase in diametert SEM for the number of cultured follicles
shown. Statistical differences in the % increase in follicle diameter between follicle
classification are denoted using different letters (p<0.05).

3.3.3 Preantral follicle culture usingn vitro- vs. in vivo-derived follicles

In this experimental series the growth and developmeninofitro- andin vivo-derived follicles
was compared.Asin vitro-derived secondaryfollicles exhibited the highest growth rates and

were the only classification of follicle to develop to the next developmental stage over the 30



112

day isolated culture period then only follicles of this classification were considered in more
detail. Represntative images ofin vitro- and in vivederived secondary follicles that
developed to the EA stage are shownFigure3.12. The growth of isolateth vitro- and in
vivo-derived secondary follicles over a maximum of 30 days culture is shoWigune3.13.

Both sets of secondary follicles followed similar patterns of growth diverfirst 19 days of
culture. On the day of isolation the mean diametersro¥itro-andin vivoderived secondary
follicles were not statistically significantly different (p>0.05), 239®5um (n=16) and
217.A2.6um (n=85), respectively. This incredde 497.4108.6um (n=2) and 445£14.9um
(n=49), respectively on day 19 of culture; these mean diameters were not statistically
significantly different (p>0.05). The terminal diameterimfvitro-derived secondary follicles
was almost twice that of thein vivoderived follicles, 984{8n on day 24 (n=1) and
557.4£29.3um on day 30 (n=24), respectively. This discrepancy, however, could be due to the
fact that there was only one surviving follicle in timevitro-derived group. Analysis of growth
rates usng ANCOVAevealed that the effect of culture length is highly significant with respect
to follicle diameter (p<0.001). Comparison of growth ratesnofiive and in vitro-derived
secondary follicles revealed that the growth rate exhibited by ihevitro-derived follicles

significantly higher than that exhibited by tlrevivo-derived follicles (p<0.Q5

As previously stated, 18.8% of tire vitro-derived secondary follicles formed antral cavities,
whereas only 7.1% dh vivoderived secondary fotlles formed antral cavities. Analysis of
antral cavity formation data using Géiguared test revealed that the difference between

vitro- and in vivederived secondary follicles was not statistically significantly different
(p=0.132). The slightly highpercentage ofn vitro-derived follicles forming antral cavities,
compared toin vivederived could be due to the fact that the tissue was digested using
collagenase in the case of the second group of follicles, thus damaging the follicles.
Alternativdy the follicles isolated from fresh uncultured tissue may have already been
degenerating, although they showed no morphological signs of this. Whereas thao-
derived follicles had all started to grow within the last 23 days (maximum) and thenefaye
have been healthier at the start of preantral culture. Although this may not be the case as the
survival rate ofin vivaderived follicles up to day 24 is 35.3% compared to 6.3% w@itro-

derived follicles.
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Figure3.12 Representative images of (@) vitro-derived and (b and d) vivoderived secondary follicles on day 0, the day of isolation and after 14, 21 and 24 days
of culture. Follicle (b) appeared healthy throughout culture, whereas (c) began to extrude its oocyte, however, it was still compdsestdp to the EA stage.
Thelocation of the oocyte and, if present, the antral cavity are indicated using the letters OGnégpectively. Scale bab0um
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Figure3.13 Growth rates ofin vitro- andin vivederived secondary follicles in isolated culture
for amaximum of 30 daysValuesare presented as the mean diameterSEM for the number
of follicles (n) shown.Growth rates were compared usifgNCOVAdifferences were not
statistically significantly different (p>0.05).

Thegrowth ofin vive and in vitro-derived secondary follicles in isolated cultuseshown in
Figure3.14. The mean increase in diameter Figure 3.14 (a) and the mean percentage increase
in diameter relative to day O values Figure 3.14 (b) are shown. Day 19 was selected as the last

point at which to compare growth as only onevitro-derived follicle survied past this date.
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There was no statistical difference (p<0.05) in the mean increase in diameter or the
percentagemean increase in diameter between the vitro- and in vivaderived follicles,

determined using onavay ANOVA, on days 7, 14 and 19 of geltu

{a) Mean increase in follicle diameter of in vivo- and in vitro-derived secondary follicles
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(b} Mean % increase in follicle diameter of in vivo- and in vitro-derived secondary follicles
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Figure3.14 Growth ofin vive andin vitro-derived secondary follicles in isolated cultur@)

The mean increase in follicle diameter compared to day 0 on days 7, 14 and 19 of culture. (b)
Themean % increase in follicle diameter compared to day 0 on days 7, 14 and 19 of culture.
Values shown as meanSEM for the number of follicles (n) shown on the graphs. The mean
increase in follicle diameter was compared betwearvitro- and in vivaderived secondary
follicles on days 7, 14 and 19, using em@&y ANOVA. No statistically significant differences
were observed (p<0.05). Similarly the % increase in follicle diameter was compared between
in vitro- and in vivederived secondary follicles atays 7, 14 and 19, using ca&y ANOVA.

No statistically significant differences were observed (p<0.05).
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3.4 Discussion

This experimental series has shown that it is possible to grow ovine oocytes from the
primordial/ EP stage up to the EA stage using a-gtep, serumfree culture system. This
study differs from previous studies in which primordial ovine oocytes have been grown to the
EA stagein vitro in that follicles were isolated at the secondary stage rather than being
cultured up to the EA stage with cortical slicegPeng et al., 2000 A shoriterm culture
period of 6 days was not sufficient to support the development of early preantral follicles up to
the primary stage, whereas, a period of-28 days was sufficient to grow follicles up to the
secondary stage.ee Figures3.6, 3.7 and 3.9. However, a higher number and proportion of
follicles degenerated in the longer culture periods-@H days) than during the-éay culture
period, seeFigure3.6. Secondary follicles derived following letegm cortical culture were
competent to develop up to the EA stage when isolated and cultured individually, see Figures

3.10 3.11and3.12 at a rate comparable to that @ vivaderivedfollicles.

3.4.1 Cortical slice culture; primordial follicle activation and development

The first aim of this experimental series was to compare the use of lamd shortterm
cortical culture systems with respect to the activation, survival, growth and development of
primordial follicles. A longterm culture period of 16 days was selectimdtially asChambers
(2002 reported an increase in the number of primary and transitional follicles following 15
days of cortical culture. Extended culture lengths of 19 and 23 days were then tested to
determine whether increasing the length of culture would increase tledyof secondary
follicles, asChambers (2002has previously reported the presence of secondary follicles
following 20 days of culture. Culture lengths were not extended past 23 days as Chambers
found that increasing culture length from 20 to 25 days did not increase sepptidldicle

yield. The shorterm culture period of 6 days was selected as development of transitional
follicles from the primordial stage has been reported within this timeframe in human and cow
(Telfer et al., 2008McLaughlin and Telfer, 2010 Primordial follicle activation rates were
investigated using histological evaluation of the tissue, revealing that after 6 days of culture
the proportion of primordial to growing follicles was venyngar to that observed in day O
tissue Figure 3.6 (a)). This observation is in agreement with what has been reported
previously in ovine ovarian tissue in which growing follicles are not presenvo(Juengel et

al., 2002h Sawyer et al., 2002 A much more accelerated rate of activation and development
has been reported in some studies. For example, followingrtisguculture d oocytes within

whole newborn mouse ovaries significantly increased levels of primordial follicle activation
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were observed compared to equivaleimt vivomodels(Gigli et al., 2006 Similarly in large
mammal models higher levels of primordial follicle activation were observed following-short
term culture periodscompared to levels observead viva Following 6 days of cortical cuie

the percentage of primordial/ EP follicles was reported to have decreased from around 90% to
60% in human tissue and <40% in bovine tis@adfer et al., 2008McLaughlin and Telfer,
2010. The increased levels of follicular activation relative to those observed in the present
study could be due to the method of cortical tissue preparation, which differed in that the
tissue, prepared according to methods developed in Edinb(Fgher et al., 2008MicLaughlin

and Teler, 2010, was teased apart prior to culture. Culturing ovarian tissue in fragments,
rather than as a whole ovary has previously been shown to result in higher satgrimordial
follicle activationpossibly via the removal of inhibitory factomich as AMH and activin A (see
Section3.1.1) (Cushman et al., 2002 Alternatively, manipulation of thassue may result in
increased exposure to stimulatory factors thus resulting in the increased levels of activation
and growth observed (see Secti8rl.1l). For eample, teasing the tissue apart may increase
the levelof exposure to insulin and IGHS vitro, whichmay promote early preantral follicle
development(el-Roeiy et al., 1993 Furthermore, the shape of the tissuadments has been
linked to the level of follicular activation, with tissue trimmed into cubes exhibiting lower rates
than tissue trimmed into slice@Hovatta et al., 1997Scott et al., 2004aTelfer et al., 2008
Therefore the effect of teasing the tissue apart may occur via a similar mechanism, but to a
larger extent. Largescale activation of primordial follicles has been reported within 2 days of
cortical slice culture of bovine and baboon ovarian tissue, in studies in which the tissue has not
been teased apart, however, very few follicles progressed to #ayléred stagegWandiji et

al., 1996h Wand;ji et al., 199¥ The differences in activation rates observed in the various
studiesin vitro may also be due to specispecfic differences. The number of primordial
follicles activating each dag vivodiffers between species;-4 in the ovine ovaryTurnbull et

al., 1977 Driancourt et al., 1985 around 6 in the bovine ovarscaramuzzi et al., 198Gnd

2-30 in the human ovary, depending on the age of the woifftldy and Gosden, 1995

In the current study the total number of viable follicles present in tissue fixed on day 6 had
decreased slightly, compared to that observed in tissue fixed on d&yg0ré3.6 (b)). This

was not, however, accompanied by an increase in the number of degenerating follicles,
suggesting that the day 6 tissue samples used for asalysie less follicle rich at the start of
culture than the day 0 samples and not that follicle degeneration was the main cause of the
decrease in the number of viable follicles. The low levels of follicular degeneration exhibited in

this study, after 6 dgs of culture, are in agreement with those previously reported by
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Chambers et al. (20)@nd suggest that the culture conditions in the current study promote
follicle survival to a greater extent to those used Tglfer et al. (200Bas in the latter study

the percentage of degenerating human follicles had almost doubled on day 6 of culture. This
could also be linked to the method of tissue preparation as this has previously been linked to
follicle survival in shortterm culture of human ovarian tissue, &sott et al. (2004ashowed

that culturing follicles wthin cubes of tissue resulted in higher rates of follicle survival after 7
days of culture. Therefore teasing tissue apart may increase levels of follicle degeneration

relative to standard cortical slice preparation.

The follicle population dynamics tissue fixed on days 16, 19 and 23 significantly differed
from those observed in day O tissue (p<0.001), with respect to follicle proportigaré3.6

(b)). Tissuefixed at the end of longerm culture contained a higher proportion of
degenerating follicles and lower proportion of primordial follicles than tissue fixed on day 0
and 6. An increase in the proportion of growing follicles could also be observed inglittzt

some degree of follicle activation had occurred and therefore the decrease in proportion of
primordial follicles was not solely due to follicular degeneration. However, the fact that the
number of growing follicles per mg tissue was not signitigadifferent from that observed in

day 0 tissue, whereas the percentage of degenerating follicles was significantly higher suggests
that follicular degeneration was a greater contributor to the decrease in primordial follicle
number than primordial foltile activation Figure3.6 (a)). Following lonterm culture the
percentage of viable follicles decreased to ~60% which is similar to that reportedrgyet al.
(2010. In the latter study the percentage of viable follicles decreased from 85% to ~50% in
constant FSHupplemented medi, after 18 days cortical culture. When a sequential culture
media was used the percentage of viable follicles on day 18 was sligigheh ~60%.
Similarly after 16 days of culture the percentage of viable follicles decreased from 90% to ~60%
in caprine ovarian tissue, when FSH and growth hormone were present in the cultura medi
(MagalhaedPadilha et al., 2002 However, in this study a larger increase in the percentage of
growing follicles was observed than in the current study, following both 8 and 16 days of
culture, even irthe control, gonadotrophiffree meda. In this study the sequential addition of
FSH and/or GH to the culture madivas shown to affect follicle activation and survival.
Therefore modifications to the culture medused in the current system may incredsdlicle
activation and growth rates. In conclusion in order to increase the proportion and yield of
growing follicles either a culture period longer than 6 days and/or changes to the culture

conditions are required.
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The effect of culture conditions omé¢ growth and development of activated follicles was also
considered. The number and proportion of EP, primary and #Aayiired viable follicles, in
tissue fixed on days 0, 16, 19 and 23 of culture, are presente@jime3.7. Both the number
and proportion of primary follicles increased after laiggm culture, compared to day 0 tissue.
It should be noted that there were no primary follicles present in day @eissiggesting that
primary follicles present in tissue fixed on days-2B5 must have developedn vitro.
Additionally, multilayered follicles developed during lotgrm culture. Increasing culture
length therefore increased the yield of muléiyered fdlicles. Increasing the duration of
culture has previously been shown to increase rAalfered follicle yield in the shegpeng et
al., 2010, goat(MagalhaesPadilha et al., 20)2non-human primate(Wandji et al., 199yand
human (Scott et al.20043. Both the number and proportion of multhyered follicles were
very similar in tissue fixed on days 16, 19 and 23. Secondary follicles were, however, only
present in tissue fixed on day 23 of culture, although this percentage was very [)(0n
comparison to the longerm culture studies in goat (23%MagalhaesPadilha et al., 2012
The highest mean number of primary and multdegd follicles per mg fixed tissue was
observed in tissue fixed on day 16 of culture; #®#=4) and 5+3 (n=4), respectivelidure
3.7 (a)). The proportion of priary and multilayered follicles was similar in tissue cultured for

16 and 19 days, ~8% and 1%, respectivtyufe3.7 (b)).

Although the speed of development ofimordial follicles to the secondary stage exhibited in
this study is much higher than that observed in the adult ovine oiramjvo (75 days)it is
similar to that observed in ovine ovarian tissievivoin the absence of growing follicles, for
examplein the fetal ovary (45 days), as discussed in the previous section on primordial follicle
activation and development (Section 3.1(Qahill and Mauleon, 198Tuengel et al., 2002b
Sawyer et al.,, 2002 As the method of tissue preparation resulted in reduction in the
proportion of growing follicles relative to primordial follicles this therefore resulted in an
environment more similar to that experienced by the follicles in the fetal ovine oirarva

than the adult ovary. Levels of inhibitory factors, such as AMH and activin A produced by
growing follicles would be lower. In addition the low levels of primorfdiditle activation and
slow, physiologically relevant rate of growth observed during cortical culture in the current
study are similar those which were observed when the system was develop&thdoybers
(2002. The development of secondary follicles, however, was not obdeillowing 30 days

in the Chambers (2002study, unlike the current investigation. In additi@hambers (2002
found that increasing culture length past 20 days did not increase the yield of secondary

follicles. These differences could be due to the use of the NR dye, which ensured all cortica
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slices cultured contained a high number of primordial follicles, thus increasing the number of
follicles able to develop to the secondary stage. In addition in the previous study tissue
containing growing follicles, including secondary and EA folligles, not excluded from
culture. Inhibitory factors, detailed above, released by the growing follicles may have inhibited
the activation and subsequent development of primordial follicles slightly. In conclusion the
slightly increased rates of developmerglative to those observed in the adult ovine ovary,

exhibited in the current study can be considered physiologically normal.

Numerous culture systems that support the activation and growth of primordial follicles at a
physiological rate have been regped. Equivalent rates of follicle development from the
primordial to the secondary staga situandin vivoin the absence of growing follicles have
been observedn the culture of whole mouse ovaries, in which a period of 8 days was required
(O'Brien et al., 2003 Isolated oocyt&5C complexes derived following 8 day#osituculture

were competent to develop antb undergo IVMand subsequent IVF resulted in the birth of
live offspring. Similarly secondary follicles derived viaithsitu culture of primary follicles
within whole mouse ovaries over a physiologically relevaneframe of 4 days exhibited high
survival and antrum formation rates of 74% and 72%, respectively, following isolation and 12
days culture within a fibrialginate hydroge(Jin et al., 2010 Subsequently 88% of vitro-
derived secondary follicles dewgled to the MIl stage and were fertilised resulting in 54%
reaching the endpoint 2ell embryo stageHornick et al. (201preported the use of alginate
hydrogels to support the survival and growth of early preantral follicles, within a
physiologically relevant timeframe. Higher concentrations of alginate (2%) were shown to be
optimal with respect to fdicle survival, as has also been demonstrated with human primordial
follicles(Amorim et al., 200 Alginate has also been used as scaffold for human cortical slices
in a systen that supported the activation and growth of primordial follicles to the transitional

stage after 2 weeks cultui@®edem et al., 2001

A previously mentioned a -8tep serumfree culture system has been developed which
supports thein vitro growth of oocytes from the primordial to thEAfollicle stage in both the
bovine and human(Telfer et al.,, 2008McLaughlin and Telfer, 2010 Step 1 is dscribed
above. In step twoin vitro-derived transitional follicles were then isolated and cultured
individually The yield of multiayered follicles achieved in the current investigation is much
lower than has been reported in studies utilising accatied culture systems in which the

percentage of multlayered follicles increased from 0% to 10% in boyMeLaughlin and
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Telfer, 2010 and 15% in humaifTelfer et al.,, 2008 in 6 days. Note that this rate of
developmaent is highly accelerated even compared to that obserivedivoin the fetal bovine
ovary in which development from the primordial to the primary stage takes 68 @Nilsson

and Skinner, 2009 It is however, difficult to directly compare the results in these studies as
the published data presented only relates to the proportion of viable folli€ledfer et al.,
2008 McLaughlin andTelfer, 20100 Therefore it is difficult to determine whether the
apparent larger increase in the proportion of growing follicles compared to that reported in
the curent experimental series, is due to the primordial follicles activating or a large number
of primordial follicles degenerating. In the current experimental series the health of the
stromal tissue was assessed using tissue weight as a marker. Tissut haeigionsistently
increased at the end of the cortical culture period, to a significant extent by day 23 (p<0.05),
see Figure 3.8. Maintenance of the health and iegrity of stromal tissue is of great
importance to the continued development of follicles and oocytes as it provides a scaffold,
without which oocytesomatic cell interactions would be compromised. In addition receptors
and growth factors expressed by @ian stromal cells are required for primordial follicle
activation, such as-kit, and development, such as BMP4 and BNi¥ght and Glister, 2006

The health of the stromal tissueolfowing accelerated culture was not reported in the
aforementioned studiegTelfer et al., 2008 McLaughlin and Telfer, 2010 Therefore one of

the aims of the future work conducted in thisesis will be to compare the use of accelerated

and physiological culture systems with respect to the health of stromal tissue.

The composition of culture mealiused has been shown to affect follicle yi€Reng et al.,
2010 Scott et al.20049. For example, addition of GBRo the meda increased the yield of
human primary follicles from 13% on day O @96 after 7 days, compared to 31% in the GDF
9-free meda (Hreinsson et al., 2002 It is important, however, to note that the effect of
culture meda composition is speciespecific. Therefore it may be possible to increase follicle
yield by preparing the tissue using a different method and/ or by the addition of throw
additives to the culture medi However, as discussed previously, lasgale activation of
primordial follicles and accelerated growth rates may be detrimental to the health wtro-

derived oocytes.

In contrast to the fixed tissue, secondary ifdds were detected in the tissue used to isolate
follicles after 16, 19 and 23 days of culture (5égure3.9). When follicle population dynamics

were examined inresh tissue the numbers of transitional and secondary follicles per g tissue
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were similar on days 16, 19 and 23. A slight decrease in primary follicles was observed on day
23 and as this was not accompanied by an increase in the number of transitional and
secondary follicles this was probably due to follicular degeneration, rather than progression of

primary follicles to later preantral stages.

The results of the current experimental series show that this sefng culture system is able

to support the ativation and development of primordial follicles up to the secondary stage
within a culture period of 123 days. In addition this culture system is able to support the
growth and survival of the ovarian stromal tissue as shown by the increase in vissglet

following culture (sed-igure3.8).

3.4.2 Preantral follicle culture usingn vitro-derived follicles

The second aim of this experimental series was to determine whether follicles dnositu
within ovarian cortex, in physiological, EClhd serurAfree meda, were competent to
develop up to the EA stage once they were isolated and cultured individusdlynentioned
earlier 18.8% ofn vitro-derived secondaryfollicles were competent to develop to the EA
stage. A similar proportion (~25%) of vivo-derived secondaryfollicles were previously
reported to have formed antral cavities in the presence dfi B&d LH, or FSH alo(idewton

et al., 1999h. This shows that the health of thie vitro-derived follicles was not affected by

the cortical culture conditions enough to prevent development to the EA stage.
Developmental competence was showmnbe related to the developmental stage at the start

of isolated culture, in that the more developed follicles were more likely to survive isolated
culture and develop to later stages than the less developed follicles, in agreement with former
studies inmouse(Kreeger et al., 2005sheep(Newton et al., 1999} and humanHovatta et

al.,, 1997. Antral cavity formation imn vitro-derived secondary folliclesccurredaround day

14 of isolated culture. This is also comparable to that reported in a previous studies in which
in vivoderived secondary follicles formed antral cavities around day 14 of culNaeiton et

al., 19990. These results are in agreent with those observed in the ovine fetal ovary as
development from the secondary to EA stage has been reported after 15(@iagsgel et al.,
200239. The increased rates of development from the secondary to the EA stage, compared to
that observed in the adult ovine ovaig vivomay be a result of the addition of FSH to the
media as increased rates of development have also beerendesl in the autografted ovine

and human ovarian tissue, as detailed in SecBohl (Oktay et al., 1998Campbell et al.,
2000.
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In the current study althougin vitro-derived transitional follicles were competent to develop

to the secondary stage in isolated culture, these folliclegetherated prior to progression to

the EA stage. This is in agreement with previous findings that there is no advantage to
isolating follicles prior to the secondary stage of development and that smaller follicles require
some form of support matrix in osf to survive and develop in isolated cultut¢ovatta et al.,

1997, Hovatta et al., 1999 In contrast, the development ah vitro-derived transitional
follicles to the EA stage has been reported in both hur(ieeifer etal., 200§ and bovine
(McLauglin and Telfer, 2010after 4 and 12 days, respectively. The rate of development
reported in human folliclesn vitro is highly accelerated compared even to that obserued

vivo in the adult human ovary in the presence of increased FSH stimulatiomhich
development from the primordial to the EA stage required 17 wed€kaay et al., 1998 The
accelerated growth timeframe reported in these papers and the fact that the culture system
was able to support follicular development from the transitional stage is probably due to the
addition of activin A to the culture meali In the current studyn vitro-derived secondary
follicles also exhibited a significantly greater increase in diameter than EP, primary and

transitional follicles, after 7 days isolated culture (§égure3.11).

In vitro-derived secondary follicles exhibited the highest survival rates in this study, with 12.5%
still actively growing on day 21 of step 2, isolated culture (Bable 3.2. Loss of normal
follicle morphology was often observed with follicles attaching to the culture surface and/or
extruding their oocytes (seé&igure 3.3), in transitonal and secondary follicles, although,
interestingly these phenomena were not observed in EP and primary follicles. As mentioned
above the termination of culture dh vitro-derived EP and primary follicles was mainly due to
follicles deemed not be growg when no increase in diameter, over 3 consecutive media
changes, was observed. Researchers that advocate the use of accelerated culture systems
suggest that shorter culture duration allows less time for the breakdown of ogg@e
interactions to occurtherefore the maintenance of normal morphology is eagicLaughlin

et al., 2010. Follicle attachment and oocyte extrusion, however, were most commonly
observed duing the first 5 days of culture, and follicles that had maintained a normal
morphology up to that point continued to do so. Alternatively, as showRigure3.12 (c),
F2{ft A0t S48 GKIG AyAdGAlfte SEKAOAGSR aAadya 27
themselves as somatic cells continued to proliferate. This suggests that altering the culture
length would not improve follicle survival rates rather it i®n likely that damage caused

during the mechanical isolation process resulted in the loss of normal follicle morphology and
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therefore altering techniques used at the isolation stage may be more benefitia@refore
the current preantral follicle systens best able to support the development of secondary

folliclesin vitrorather than early stages of follicle development.

3.4.3 Preantral follicle culture usingn vitro- vs.in vivo-derived follicles

The third aim of this experimental series was to compare gnewth, development and
survival rates oin vitro- andin vivederived follicles. Only secondary follicles were used in this
comparison as these were the only follicles competent to develop to the EA stage. The growth
rates exhibited byin vitro- and in vivederived secondary follicles were similar, as shown in
Figures3.13and 3.14 The average terminal diameter of vitro-derived secondary follicles

was much larger than that af vivederived secondary follicles however this was probably due

to the very low sample number on vitro-derived follicles. As previously stated the rate of
antral cavity formation was higher bthe survival rate lower ifn vitro-derivedfollicles than

in vivederived follicles. The lower rate of antral cavity formationinrnvivoderived follicles

may be due to damage caused by collagenase digestion of the tissue prior to isQlatien,

1996, Abir et al., 200}

In the current tudy both oocyte extrusion and attachment of follicles to the culture surface
were frequently observed. One way in which to avoid the loss of normal follicular morphology
during preantral follicle culture is to use hydro or alginate gels as a matrixpposuthe
follicles. Gels have successfully been utilised to support the maintenance of the morphology of
isolated preantral folliclen vitroin the mouseKreeger et al., 200Kreeger et al., 200dinet

al., 2010 and in larger mammalian species including; ®gngsasen et al., 208 big(Hirao et

al., 1994; cow (Harada et al., 1997toh et al., 2002, buffalo, (Sharma et al., 2009 non
human primate(Xu et al., 2009Xu et al., 2011aXu et al., 2011pHornick et al.2012); and
human (Amorim et al., 200p The exact effect of the use of gels, however, has not been
entirely elucidated, and therefore may be detrimental to oocyte health and developmental
compeence. Indeed although embedding murine secondary follicles in a gel resulted in the
maintenance of normal follicular morphology, with respect to a centrally located oocyte and
GCoocyte interactions the composition of the gel was shown to affect the @mud of antral
cavity formation which was delayed when gels were composed of laminin and fibronectin,
compared to alginatgKreeger et al., 2006 Additionally in this study components of the
laminin and fibronectin gel were shown to block oestrogen and inhibin secretion. Detrimental

effects of using alginate gels to culture murine secondary follicles have also been observed as
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the in vitro-derived MIl oocytes exhibited increased rates ofndf@ formation and
chromosomal alignment defects as well as compromised developmental competence
compared to controlgMainigi et al., 201l At the end of culture removal of follicles from the

gel can also be problematic and result in the loss of healthy follifssai et al., 2000 An
alternative to the use of gels is the use of a rotation system to prevent flalli@tachment,
however, the stress placed on the follicles in this system can result in mechanical damage

resulting in the loss of G@bcyte contact§Rowghani et al., 2004

In the current investigation the culture system utilised was able to supimar growth and
development of bothin vive andin vitro-derived ovine secondary follicles up to the EA stage

at a physiologically relevant rateBarboni et al. (201)Lhave recently reported a system

capable of supporting thén vitro growth of ovine pread N} f F2f f AO0f S& FTNRY
and the development of 70% to the EA stage within a physiologically relevant timeframe of 14
daysin vitro. The mean diameter of oocytes derived using this system was found to be
comparable to that of those deriveid vivod A MH 1 > Y 0 ® l'f 0 K2dAK GKS NI
higher than reported in the current study with respect to secondary follicles derived ihoth

vivo and in vitro serum was included in the culture medand therefore may have been
detrimental to the heah of the oocytes. Physiologically relevant rates of preantral follicle
development have also been reported following mogdia et al., 201)) cow(Gutierrez et al.,

2000; non-human primate(Xu et al., 2009Xu et al., 2012a and human(Abir et al., 199y

preantral follicle culture. The continuous growth won-human primate preantral follicles

FNRY Yupn>Y G2 dmMYY FYyR yY2NXI{ @AdtdN®BadygsISy A C
(Xu et al., 200p Some of the examples given above will be compared to accelerated culture

systems below.

Acceleration of preantral follicle growtim vitro has been achieved via the inclusion of high
concentrations of FSH in the follicle culture media. This was deamaded using baboon

LINBIF YNt F2fftA0fSa 0dHyp>Y0OX gKAOK gSNBE Odz
10miUmI* FSH and subsequently required only 10 days to reach the same diameter as follicles
cultured in the absence of FSH for 14 d@¥s et al., 2011 The addition of FSH was,
however, shown to be detrimental to oocyte health as upon removal from the COCs oocytes
derived in the presence of FSH wesenaller than those derived in the absence FSH.
Additionally oocytes in the latter group had at least 1 layer of cumulus cells, unlike those in the

former group, which were denuded. Whereas 13 of the 16 COCs derived in the absence of FSH
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were competent b undergo GVBLI® of which formed MIl oocytes displaying normal spindle
and chromosome alignment, none of the COCs derived in the presence of FSH were competent
G2 NB&adzyS YSA2aAao I R R Ami')\ta tfie cRlffire ikekhidKmodsS @St & 2 F C|
CQCs resulted in significantly higher levels of aneuploidy in IVM MII oocytes, compared to
oocytes matured in the presence of lower concentrations of F&dberts et al., 2005
Although FSHvas added to the preantral culture medin the current study this was at a
concentration 1000 fold lower than that used By et al. (2011) this more physiologically
relevant concentration of FSkésulted in more physiologically relevant rates of growth and
may also result in oocytes displaying higher rates of meiotic competence. Furthermore, in the
study conducted byXu et al., 2011)pfollicles were enapsulated within an alginate gel and
therefore there may be components of the gel interacting with the high concentrations of FSH
that resulted in the detrimental effects on oocyte health. In a study by the same group
macaque preantral follicles (125 H m)Pwere cultured within an alginate gel and the effect of
FSH concentration on follicle growth and survival demonstré¥adet al., 20110a Although
survival rates of follicles were highest when high concentrations of FSH, in the presence of
fetuin, were used, growth rates were highest in the presence of low FSH, without fetuin. As
the concentration of FSH is not presented in international units in this study it is unclear how
the concentrations compare to those used in the aforementioned stiayet al., 2011aXu et

al., 2011h. The level of steroid hormone production by follicles increased with increased FSH
concentration in the culture medi Of thein vitro-derivedoocytes 12.5% were competent to
develop to the Mlistagefollowing IVM, whereas no follicles cultured in the presence of high
FSH concentrations were competent to do so, unless fetuin was also included in tres imedi
which case 4% of oocytes developed ttte MIlI stage. Therefore the use of high FSH
concentrations to accelerate follicle growth and development may be detrimental to oocyte

developmental competence.

The rate of antral cavity formation can also be accelerated via the inclusion of FSH tr grow

factors in the culture medi The addition of FSH, EGF1 or IGF1 to the cultureanoédi

YSOKI yAOFLtte Aaz2tlr SR 020AyS LINBFIYyGNrt F2ffA0fSa
cavity formation from 20% to 50% during 28 days cult(@eitierrez et al., 2000 In the

presence of FSBB% of follicles formed full antral cavities and only 16% degenerated following

28 days culture. Antral cavity formation is observed when preantral follicles reacia t20 > Y

in vivoand the whole process from start to full antral cavity formation takesldys(Lussier et

al., 1987. Therefore the high rates of antral cavity formation observed in the aforementioned

study, conducted bysutierrez et al. (2000 could be due to théact that at the start of culture
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the preantral follicles had reached the maximal diameter prior to antral cavity formation. In a
subsequent study in which bovine preantral follicles were cultured within a collagen gel highly
accelerated rates of developent were reported upon the addition of FSH, LH and insulin to

the culture meda with antral cavityformation observed following 3 days (7%) and 5 days

(30%) of culturdltoh and Hoshi, 2000 Accelerated rates of antral cavity formation have also

been reported following then vitro growth of mechanically isolated porcine preantral follicles,

which increasB Ay &A1l S FTNRY onn>Y G2 pnn>YX | & on
following only 3 days culture, in the presence of serum, FSH an@MuHet al., 200Y.
Additionally >50% of oocytes derived from the COCs were competent to develop to the Mil
stage of which 80% developednio blastocysts following IVF. Comparable rates of meiotic
maturation have been observed in porcine preantral follicles grown in collagenngeiso

within a more physiologically relevant timescale of 16 days, with 60% of oocytes that reached

M M N1 > Yuringltolithe MIl stage following IVIiHirao et al., 199% The numbe of oocytes
GKAOK NBIOKSR mmn>Y F2fft2gAy3 mc RIF&a Odz {dz
cultured, although 19% of follicles formed antral cavities. As discussed in detail in the Section
3.1.2the inclusion of activin A in the culture madias also been shown to promote follicle

survival and accelerate the rate of preantral follicle development to the EA stage in the cow

(McLaughlin et al., 2030goat(da Silva et al., 20)3and humar(Telfer et al., 2008

Survival and antral cavity formation rates in this study are lower than those that have been
previously reported forin vitro-derived bovine and human preantral follicléBelfer et al.,

2008 McLaughlin et al., 2000 Telfer et al. (200Bhypothesised that the highates of follicle
survival compared to other studies could be due to the homogeneity of the follicular
population at the end of cortical culture, with respect to the health of the follicles. When
isolating follicles from fresh tissue some follicles mayehsatarted to degenerate but are not

yet displaying morphological signs of this and therefore are selected for culture. Follicles that
have activated within the last 6 days are less likely to have started to degenerate. Similarly
follicles that have actated during longerm culture may be more likely to have started to

degenerate.

The results of this experimental series show that the rate of growth and antral cavity
formation of in vitro-derived secondary follicles is comparable to thatiofvivederived
counterparts. These results suggest that in order to increase survival, growth and antral cavity

formation rates culture conditions, rather than the derivation of the follicles need to be
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altered. However, as mentioned earlier, a higher propertaf follicles derived from fresh
tissue or following longerm culture may be degenerating, compared to shitm culture.
Therefore if cortical culture conditions can be altered to support follicle development to the
secondary stage within an accelezdttimeframe of 6 days this hypothesis can be tested. This

will be the aim of Chapter 4.

A physiologically relevant culture system is a useful tool for the study of follicle population
dynamics and has the potential to advance the therapeutic applicatfdollicle culture as a
means to both treat female infertility and to conserve the fertility of young cancer patients.
Indeed,Chambers (200auitilised her system to investigate the effects of ovine ovarian tissue
cryopreservation on subsequent follicle survival and devalept. In addition this system has
been utilised to investigate the effects of the cytotoxic chemotherapeutic chemical, cisplatin
on ovine follicle population dynamid§&Sunson, 200p As the culture system used does not
support the mass activation of primordial follicleswas possible to evaluatthe effect of
cisplatin on the follicular and stromal health revealing detrimental effects on both as exposure
to high levels of cisplatin resulted in increased levels of both fllegeneration andactate
dehydrogenase LOH production. The development of this system also enabled the
investigation of the use of viability dye, NR. One of the major obstacles of developing a
cortical culture system is the fact that follicles ard rwenly distributed throughout the ovary.
Although the population of primordial follicles is most dense in the ovarian cortex the
distribution is still highly uneven therefore without any way of visualising the follicles this can
often lead to the cultub 2 F WSYLIieQ GA&dadzsS O2yialAyAy3d OSNE f

follicles.

Oocyte and follicle development are long and protracted proceseegiva Whether it is

necessary fom vitro systems to follow a physiologically relevant timescale ornifueh more

accelerated system would be suitable is a point of discussion amongst research groups working

in this field. As mentioned previoushhe growth and development of both bovine and human

primordial follicles, from the primordial to the transitiah stage has been achieved after a

culture period of 6 day¢Telfer et al., 2008McLaughlin and Telfer, 2010 In these studies
NBEaSFkNOKSNE Of FAY GKIG LK Buielperibdd ard ot nedessaryNB SO y i =
and that they may in fact be detrimental to oocyte health due to increased exposure to

suboptimal conditiongn vitro. Telfer et al. (200Bsuggest that the use of a shedrm culture

period is preferable to extended culture periods as this may result in lower proportion of
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atretic follicles at the end of culture. Additionally in an extended culture system the resultant
preantral folliclesmay have activated at different times, the use of an accelerated culture
system would reduce the difference in the length of time for which follicles had been

developing thus resulting in a more homogenous follicle population.

Concerns have been raisedgeeding the health of oocytes derived from systems in which
follicle growth is so greatly accelerated relative to the normal developmental time frames
vivo (Picton et al.,, 1998 Some researchers argue that the use of physiologicelyant
culture periods is key to producing healtliy vitro-derived oocytes, as this would allow
sufficient time for the oocytes to develop the molecular mmery required for normal
development(Picton et al., 1998 Research into the nuclear maturational competence of
nuclei obtained from nofgrowing oocytes has shown that following transfer to a fgligwn

GV oocyte the nuclei are competent to complete meiotic maturation, be fertilised, develop up
to the blastocyst stage and implariKono et al., 1996 Following implantation however,
embryos were not competent to delop to term. Subsequent studies have revealed that this
Ad RdzS (G2 (GKS 6aSyoO0S 2F SLAISYSGiAO Y2RATAOI
acquisition of competence to resume meiosis I, and are essential for the establishment of the
maternalimprint and for subsequent normal embryonic developmédbata et al., 1998ao

et al., 2000 Obata and Kono, 2002 These epigenetic modifications are established gradually
throughout specific stages of oogenesis and they are thought to differ in juvenile and adult
mice (Bao et al., 2000 Therefore there are concerns that the use of an accelerated culture
system may result in oocytes with aberrant imprinting as there will be insufficient time for the
correct establishment of epigenetic modificatioasd this may result in resultant embryos

being incompetent to complete normal development.

Smitz et al. (200have recently intnduced the hypothesis that the process of oocyte
developmentin vivois not as protracted as originally thought, and that development may not
be a continuous process, rather a statbp process. These authors suggest that pauses in
follicle developmentin vivomay be caused by presence of inhibitory factors, such as those
expressed by follicles either at the primordid@ba SilveButtkus et al., 2009 secondary
(Mizunuma et al., 1999or Graafian stage. Spatial analysis of follicle activation dynamics in
mice has led to the conclusion that primordial follicles produadiffusible factor or factors
that inhibit the activation of neighbouring primordial follicléBa SilveButtkus et al., 2009

This was evidenced by the fact that follicles with neighbouring primordial follicles were less
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likely to activate compared to those without. Although the identity of these factors is yet to be
elucidated he authors have proposed the following possible candidates: T&F | y-Ru T D C
or BMP binding proteins/ antagonists of stimulatory factors such as: follistatin, noggin, gremlin
and myostatin. Subsequent research has ruled out follistatin and noggin dilates, but
highlighted the possible roles of chordin and Sclerostin domain containing 1 (Sostdcl) as

paracrine factors capable of inhibiting follicle activatiffenwick et al., 2071

It is well established that factors produced by growing follicles inhibit the growth of
neighbouring follicles. The G&lerived factor, AMH, is produced by the granulosa cells of
growing follicles and has been shown to be an inhibitor of the activation of surrounding
primordial follicles (Durlinger et al., 1999 Coculture of small preantral follicles with
secondary follicles revealed that activin A, produced by secondary follicles caused small
preantral follcles to become dormant, a state that could be reversed by the removal of either
the secondary follicles and/or activin A, or the addition of activin binding protein, follistatin
(Mizunuma et al., 1999 Therefore follicles that have become dommaan continue their
development upon removal of inhibitory factors. Inhibin and oestrogen are also examples of
systemic inhibitory factors produced by growing follicles as these factors inhibit FSH release by
the pituitary gland(Wildt et al., 1981Rivier and Vale, 198®olter-Gerard et al., 1999 The
increased levels of inhibitory factors present in the ovaryivocompared toin vitro may
explain why the process of follicle development is a more prolonged pranegsa The
removal of these ihibitory influencesin vitro may result in largescale primordial follicle
activation followed by continuous growth and development rather than the starp process
proposed to occuiin vitro (Smitz et al., 2010 The pauses in follicle development may,
however, be vital to ensure the health of resultant oocytes. Evidence that this may not be the
case was presented im study in which the rate of murine follicle development was
acceleratedin vivg via the suppression of PTEN and subsequent promotion of the PI3K
pathway resulted in an increased litter siggeddy et al., 2008 As discussed in Chapter 1,
PTEN is a negative regidaof primordial follicle activation via its antagonism of the PG
inhibition of FOXO3 actiofCastrillon et al., 2003 This supports the theory that accelerating
the process of follicle development does not affect the competence of resultant oocytes with
respect to their ability tdoe fertilised and subsequently develop into live offspriRgn et al.,
2008).
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Comparisons of murine oocyte cultulengths have shown that increased culture length; 21
days compared to 11 days, resulted in increased birth weights of the resultant pups, which
authors suggest could be due to epimutatiq@bata et al., 200)7 It is important to note that

in this study the follicles cultured for 21 days were at thénardial stage at the start of
culture, whereas the follicles cultured for 11 days were at the secondary stage at the start of
culture. Therefore although the authors attribute both the increased birth weights as well as
the decreased maturation and feliation rates of the IVG oocytes to the use of an extended
length of culture, the combined period of growith vitro andin vivoin both groups is the same
therefore it is likely that the increased length of exposure of oocytes to suboptimal culture
condtions rather than the overall time period of follicle growth was the cause of these
problems. Minimal research has been conducted directly comparing the effects of altering the
duration of culture on the developmental IVG oocytes, in large mammals andafsim
Therefore in this experimental series the lengthrositucortical culture period was varied and

the effect of the duration of culture on the vyield, health and subsequent developmental

competence of the resultant oocytes compared.

3.4.4 Future work

In order to further investigate the health and developmental competence of ithevitro-
derived follicles it would be interesting to measure and compare the amount of oestrogen and
progesterone produced by antral follicles grown to the amount produced by tHesigedin

Vvivo, in order to determine whether the induction of normal steroidogenic activity is supported
following incubation with testosterone, as has been shown previouslyNewton et al.
(1999h. In addition, the expressiopatterns of key genes required for the growth and
development of oocytes should be compared betwedanvivaederived EA follicles and EA
follicles derived from secondary follicles vitro. Further work should be conducted to
facilitate analysis of theeme expression patterns of EA follicles derived from the primordial
stagein vitro. Although it was possible to isolate secondary follicles from cortical tissue
following 1623 days culture it may be interesting to examine the effects of briefly inculpatin
the tissue with low levels of collagenase to soften the tissue more as this may reduce the level
of damage caused by follicle isolation. It is, however, possible that this method may be more
detrimental to follicle health than using solely mechanicalame of isolation. Alternatively,
different types of enzyme, such as Liberase, may be less aggressive and detrimental to oocyte

health (see Section 1.7.2), and can be used either alone or in combination with collagenase, to
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aid the isolation ofn vive andin vitro-derived secondary follicles and determine the effect on

their subsequent survival and growth ratéolmans et al., 20Q&ristensen et al., 20)1

In some of the aforementioned studies follicle courdta is only presented in terms of
proportions(Telfer et al., 2008McLaughlin and Telfer, 20},thowever, this can be misleading

and can largely exaggerate small changes in follicle popuolalymamics, particularly when

total follicle counts are low. Therefore in the current study follicle counts were presented
using two different methods; the data presented as either mean follicle number per mg tissue
+ SEM or as a percentage. This is ecugate and informative way of displaying follicle counts

as the values obtained using each method can be compared. The method of cortical tissue
preparation used can result in the culture of tissue pieces of varying sizes and thicknesses and
therefore fdlicle number can be highly variable this is why it was necessary to standardise
follicle counts per mg tissue culture, rather than presenting absolute follicle numbers, which

varied widely between cultures.

3.5 Conclusions

This experimental series has shofan the first time that it is possible to grow ovine oocytes
from the primordial/ EP stage up to the EA stage using-déteps of a serunfree culture
system, within a physiologically relevant timeframe. In orderimovitro-derived follicles to
develop b the EA stage they had to be at the secondary stage at the start of preantral culture.
In this physiological system a cortical culture period of 6 days was not sufficient to support the
development of follicles from the primordial to the secondary stagtmwever, if the cortical
culture period was extended to 183 days it was possible to isolate secondary follicles from
the tissue. Although the percentage of degenerating follicles was greater followingeong

than shortterm cortical culture, the fhicles that survived and developed to the secondary
stage were competent to continue to develop to the EA stage. However, it may be possible to
increase the survival and antral cavity formation rates by deriving follicles from-t&ont
culture as the ppulation of follicles would potentially be more homogenous, with respect to
health, at the end of culture. Previous research suggests that alterations to the cultura medi
composition and method of tissue preparation may facilitate accelerated follicle development.
Further optimisation of the cortical culture method used for ovine tissue is therefore necessary
and subsequent experiments should test the efficacy of pubtfisisbortterm, 6 day,
accelerated growth systems that have been shown to support the development of early

preantral follicles to the secondary stage in bovine and human. Finally, the abilityvitfo-
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derived secondary follicles to develop to the EA stagnnot be used as the sole marker of
follicular health. Detailed molecular analysis of gene expressionw¥c andin vitro-derived
follicles is essential in future studies to confirm the developmental normaliity witro derived

follicles.
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4 Comparison Of The Effects Of A Physiological, SEnewth System And An
Accelerated, Rapigdsrowth System On The Rates Of Primordial Follicle Activation

And Preantral Follicle Growth And Developmelnt Situln Ovine Cortical Tissue.

4.1 Introduction

In Chapte 3 the first 2 steps of a serusitee, longterm, multistep culture system that
supported the development abvine primordial follicles to the EA stageere evaluated This
systemconsisted ofa minimum of 30 days culturi@ which16 daysof cortical culure and 14

days of isolated preantral culture were required to grow follicles to the EA stage.
Development of primordial follicles to the EA stage has been achieved in much shorter time
periods in the bovine and human, 18 and 10 days, respectively, asigd growth system as
reported by Telfer et al. (2008and McLaughlin and Telfer (2010 In these studies it was
possible to develop primordial follicles to the transitional stage dags. The culture system

presented in Chapter 3 was not able to support development at this accelerated rate.

Whether an accelerated or a more physiologically relevant developmental timesceileo is
optimal is a source of debate, as discussed inp@ine8. Itcan beargued that an accelerated
culture period would result in a more homogenous populatiorhealthy, developing follicles

at the end of cortical culturéTelfer et al., 2008 Only a small percentage @f vitro-derived
secondary folliclegeported in Chapter 3 were competent to developnto the EA stage
following isolation possibly due to the fact that these follicles had started to degenerate
Further research is therefonequired to test the functional significance of speed of follicle and
oocyte developmenin vitro on developmental competence. To define the culture conditions
needed to produce healthy follicles and oocytes from ovine coitexitro and to test the
impact on the culture environment on follicle and oocyte growths necessary to compare
the developmental competence of muliyered follicles derived usirthe longterm-cortical
culture systemreported in Chapter 3 witha rapid shortterm- growth systemthat has
supported follicle growth and activation in the cow and human within an accelerated
timeframe. The rapid growth system which will be adapted to suppbeep follicle growthn
cortex tissuein vitro is that based upon thapreviously published byelfer et al. (200Band
McLaughlin and Telfer (2010 Toaid clarity from here on ithis rapid growth systemwill be

NB T S NNNB RAcéerratéddollicl&k Qultukd (ARCE & (itBeXsIow cortical culturesystem
RSGFATSR AYy [/ KFELWGSN)I o Attt 06S NBFSNNBR (2 |
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4.1.1 Comparison ofAFCvs. Leeds cortical culture system

Just as has been reported for the Leeds system, in Chapter 3ARQsystem is a 2 step
method that supports then vitro growth of oocytes from the primordial to the early antral
follicle stage in both bovine and humdhelfer et al., 2008McLaughlin and Telfer, 2010 In

the first step of theAFCsysem oocytes are cultureth situ within pieces of ovarian cortical
tissue that had been mechanically teased apart and trimmed prior to culture in such a way as
to reduce the amount of medullary tissue present, for 6 days. Follicles were reported to
activate and develop from the primordial/ early primary (EP) to the transitional stagsitu

In the second stepn vitro-derived transitional follicleare isolated and cultured individually,
some of which were competent to develop to the EA stage. Histological analysis of the tissue
hasrevealed low levels of follicle degeneration/ atresia on day 6 of cortical slice cuature
assessed by morphological dysisin both human tissue (14%) and bovine tissue (<10%).
Furthermore, primordial follicle activation in bovine tissue was demonstrated by a significant
increase in the proportion of growing follicles relative to control day O tissueaarmhcurrent
significant decrease in the proportion of quiescent follicles with respect to viable follicles, as
well as an increase in mean follicle diame{dtcLaughlin and Telfer, 20010 Similarly, in
human tissue the percentage of quiescent follicles decreased from 90% (day 0) to 60% (day 6),
with a subsequent increase in primary (day 0; 10%, day 6; 25%) and transitional/ secondary
follicles (day 0O; 0%, day 6; 15%), with respect to viable follicle cdUelfer et al., 2008 As
de<cribed in Chapter 3 the Leeds culture systenbased on a serudree system in which
ovine primordial folliclesare cultured in situin slices of cortical tissue for up to 30 das
developedinitially by Chambers (2002and subsequently repeated tvaluatethe efficacyof

NR dye as a marker of follicle viabili@hambers et al., 20).0

There area number of fundamentatiifferences between théAFCand Leeds culture systems.

The Leeds culture system is designed to support the physiological activation of some, but not
all, primordial follicles and the growth of EP, primary and transitional follicles at a similar
growth rate to that observedn vivoin the absence of large preantral folliclekiengel et al.,
2002h. In contrast theAFCsystem is designed to support the activation and development of
the greater majority of primordial follicles up to the EA stage in an accelerated timeframe.
Both the AFCand Leeds systems utilise a seHm@e strategy in which primordial/ EP follicles

are cultured within slices of cortical tissue although the basal culture aregdi additves used

are different between the 2 approaches. The major differences being thahH@nedia does

not contain FSH, LH or a source of pyruvate, ibabes contain50ugmi* of ascorbic acid,

unlike the Leeds system. In addition the basal mediauséddnS (62 &aeadsSvya I NB

RATT
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a9a YR aOlO/2&Qa pl Y S&ferooare aided ik the le€ls ABFEY | G S
systems, respectively, the compositions tbbse 2 base media ardetailed in Appendix |
Furthermore, in the Leeds culture system thertex tissue fragmentsare placed upon an

insert in order to minimise the oxygen diffusion distance between the tissue and the surface of
the media, whilst ensuring the tissue pieces are submerged in a great enough volume of media
to provide sufficient growt factors and hormoneéDevine et al., 2002Chambers, 2002 A
supportive membrane is not used in tle&=Csystem and for this reason a lower volume of
mediais used and only 1 tissue piece is cultured per well, wherdssgepieces are cultured

per well in the Leeds system.hd tissue piecesisedin the AFCsystem are also smaller than

thoseculturedin the Leeds system, see below.

In addition, thetissue preparation protocdliffers slightly between the 2ulture strategies In

both systems a thin layer of cortex is removed frira ovary. In the Leeds system the cortex

is then cut into a small square sé@ured.l (a). Whereas in th&FCsystem the tissue is cut

into a pyramid shape to remove excess stromal/ medullary tissue. Preparing the tissue as in
Figure4.1 (b and c) increases the ratio of cortex: medullary tissukured, and therefore is
proposed to increase the primordial follicle density of the tissue cultured as these follicle
stages are located at the greatest density in the cortex, whereas more developed follicles are
located in the medullary region of thevary. Furthermore, as discussed in Chapter 3 the shape
and volumeof the cortical tissue fragments has been linked to the level of follicle activation
observedin vitro (Hovatta et al., 1997Scott et al., 2004aTelfer et al., 2008 Reducing the
amount of medubiry and stromaltissue nay increase the rate of follicle activation as ske
tissues may contain higher concentrations of growth factors that inhibit follicle growth,

potentially released by growing follicl@&/andji et al., 19960

412 Aims

The aim of this study was therefore to determine whether the use of the physiological, slow
growth system reported in Chapter 3 (Leeds system) is optimal for the sustained development
of ovine folliclesin situ compared to a acceleratedgrowth system AFRC system). Cortical
culture systems were compared with respect to primordial follicle activation and preantral

follicle growth, development and survival situfor a period of 6 days.
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Figure4.1 Preparation of cortical tissue pieces in the (a) Leeds and (b ahB@jystens. In
the Leeds system (a) cortical slices of ~ 2mm thickness were trimmed intd Squares.
Scale bar = 2mm. In thAFCsystem cortical slices were prepared as showm)rrésulting in a
pyramid shaped tissue piece as shown in (c).

4.2 Materials and Methods

42.1 Cortical elture

This experimental series was conducted to compareserumifree IVG culture systems
developed by research groups based at Leeds UnivgiShgmbers, 2002Chambers et al.,
2010 and EdinburghUniversity(Telfer et al., 2008McLaughlin and Telfer, 201 evaluate

the impact of tissue preparation techniques and culture environments on parameters of
follicle and oocyte health and growtim situ in ovarian cortex In orde to conpare these
systems4 different culture treatments were testedlhe 4 treatment groups wergl) Leeds,

(2) AFC  (3) Leedsnodified and (4)AFCmodified. The composition of the Leeds aA&C

culture media and the methodological differences between the 4 cultweatments are
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summarised inTable4.1 and Table4.2, respectively. The umodified Leeds system was as
previously reported byChambers (2002and Chambers et al. (20)@nd the ummodified AFC
system was as previously reported Bbglfer et al. (2008and McLaughlin and Telfer (2010
Slight modifications were made to both the Leeds akECsystems tofurther test and
optimise the culture conditions withineach system. This strateggvaluatedthe relative
importance of the basal culture medcomposition, volume and additiveand compared?2
methods of cortex preparation on the developmental potential of ovine follicles. All other

culture conditions: temperature (3C) and 5% G@n the air werekept constant.

Table4.1 Composition of Leeds andiFCculture media.

Medium Leeds AFC
Composition Final concentration
Basal Basal medium h-MEM medium M(L‘:)i(c::(;)rlllosoizglth
medium Penicillin/ Streptomycin 1% (v/v) 1% (v/v)
composition| BSA fraction V, fatty acid fre: 1mgmil* 0.1mgmt*
Hepes - 2% (VIV)
Bovine holetransferrin S5ugmi* Sugmi*
Sodium selenite 4ngmi* 5ngmi*
Sodium pyruvate 0.047mM -
L-glutamine 3mM 3mM
Additives Bovine insulin 10ngmt* 10ngmt*
Human long R3 IGF1 10ngmi* -
Ovine FSH 1 x 10°iUmr* -
Ovine LH 2.3 x 1GiUumr* -
Ascorbic acid - 50ugmt*

*Note that ¢ indicates the absence of the additive.

Cortical slice cultures were set up according to methodologies detail8ections 2.2 and 2:5
2.7. The tissue pieces in the Leeds and Leautfified systems were prepared as described in
Section 2.3, sed-igure4.1 (a). Whereas the tissue slices in thECand AFOmodified systems
were prepared, as shown iRigure4.1(b and c). Briefly, cortical slices were prepared as
described inSection 2.2, then cut using a scalpel (handle size 7 with a sibéadlB) as shown

in Figure4.1 (b), resulting in a pyramid shaped tissue piece as showkigare4.1 (c). The

tissue was then gently teased apart using 26%2G needles (Terumo Europe N.V., Belgium).
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Culture pates were set up as describedSection 2.8 although there were modifications to the
composition and volume of culture medised and inserts wenaot used in all culture systems
(seeTable4.2). The cortical tissue was cultured for 6 days, with media changes performed on
days 2 and 5 of cultureThe dry weight of the tissue was recorded on day 0 and day 6 of
culture as described ifection 2.6. A total of 24 replicate cultures were conducted; 6 for each
treatment group. Within each replicate culture of treatment group (1), (2), (3) and (4) an

average of 1048, 20+4, 826 and 184 tissue pieces were cultured.

Table4.2 Summary of the differences in the 4 cultuteatmentsused.

Treatment Culture Culture Volume Insert Growing Tissue Number
group treatment media media used? follicles shape of tissue
per well excluded? pieces
0>f 0 per well
1 Leeds Leeds 500 Yes Yes Square 5
2 AFC AFC 300 No No Pyramid 1
3 Leeds Leeds 500 Yes No Square 5
modified
4 AFC Leeds 300 No No Pyramid 1
modified

4.2.2 Analysis of follicle population dynamics

On days 0 and 6 of culture cortical pieces were stained with NR dye enabling viable follicle
counts to be taken in fresh tissue as describe8gdation 2.62.7. Following NR staining tissue
pieces were examined and any pieces that appeared to contain growing follicles were excluded
from the Leeds treatment group (1). The developmental stage of the folliclesstiasatedin

situ by size and morpiogy. Samples of day 0 and day 6 tissue were fixed and analysed
histologically with respect to follicle population dynamics and follicle and oocyte size, as
described irSections 2.7 and 2.12.14.

4.2.3 Stromaltissue oring

The effect of culturetreatmernts on stromal healthwas analysedn fresh/cultured tissue and

using ahistological stromal tissue scoring system. As described earlier the tissue pieces were
stained usingNRdye before and after culture. Uptake BiRdye is indicative of cell viability

and therefore is not only useful for assessing follicle counts but sitemnal tissue health.

Prior to culture the tissue was processed &t4o0 ensurghat the NR dye uptakevasprimarily
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by the follicles rather than the surrounding stroma. Whereas at the end of culture the tissue
wasat 37°C,andthe follicles and stroméoth took up the NR dye at a similar rate. Therefore

the pattern of NR dye uptakeasvery different between day 0 ahday 6 tissue andould not

be directly compared. However, day 6 tissue from the various cultueatments can be
compared with respect to NR dye uptake and this can be used as an indicator of tissue health
and viability. The percentage of the tissuegresthat stainedred was recorded for all tissue

pieces at the end of culture, for 6 culture repeats.

The integrity of the stromal tissue was assessed as described in Section Phelstromal

scores used wereggood, adequate and poor which were contesl into numerical scores, 3, 2

and 1, respectively. These stromal scores reflected the tissue and follicle integrity.
WSLINBaSyalrdA@S AYF3ASa 2F WI22R> IARQ§azZ 4GS I yR

4.2.4 Statisticalanalysis

Statistics were performed using the Minitd.1statistical programme. The Anders@arling

test was used to determine whether the data was normally distributed. ckolfiopulation
dynamicsare presented as means of follicle counts per mg tiss =M per culture repeat and
mean percentagefollicles + SEM per culture repeat. Follicle population dynamics were
analysed within each culture system, i.e. on days 0 anddultdre, if the data was normally
distributed using either paired-test for the analysis of data froniresh tissue datathe

{ G dzR $+t¢sili for dixed tissue, or Wilcoxon signed ranks test for data that was not normally
distributed. Follicle populatiordynamics were alsccompared between the 4 culture
treatments usingong | @ ! bh+! GgAGK L2 & ithe daa @as Got Aokl a
distributed KruskaWallis test was used. Follicle populatioatal which are presented as
proportions oftotal follicle countswere analysed using Chi Squared statistianalysis. In all
analyses g0.05 was considered to be statistically significarVhere required data was
normalised using the following transformations, for example data on the number of
degeneating follicles per mg of tissue was transformed by base 10 logarithmic transformation.
Unless otherwise stated all graphs are presented are the arithmetic means + SEMs for the

number of replicates shown.
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(a) Good (b) Adequate (c) Poor

Primordial follicle EP follicle Stroma

Figure4.2 Representative histological images of poor (a), adequbleafd good &) quality

stromal tissue. All follicles are at the primordial or EP stage of development. During
histological analysis only follicles with a visible nucleolus were edunthe oocyte of these
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4.3 Results

4.3.1 Follicle population dynamicsg primordial vs. non-growing

Four corticaltissue culture treatments were comparedover 6 days The mean number of
viable primordial and growing follicles, per mg of tissue cultured, present on days 0 and 6 of
culture, in fresh and fixed tissue samples are showRigure4.4 and Figure4.5, respectively.

As in Chapter 3, follicle counts were standardised per mg tissue due to the differences
follicle load resulting from variability in tissue size at the start of culture, particularly in the
current study due to differences in tissue preparation methods in the different syst&imsue
weights before and after culture are shownRigure4.3. There were no statistically significant
changes (p>0.05) in tissue weight per well following culture in any treatment group, however,
tissue weipt increased slightly in the Leeds and Leeds modified treatment groups and
decreased slightly in thé&FCand AFCmodified treatment groups following culture. Mean
tissue weight per well was significantly lower in tAECand AFCmodified treatment groups

than Leeds and Leeds modifigtbupsbefore and after culture as would be expected as there
were more pieces per well in the latter 2 treatments groupsd€Esusl). Fresh tissue refers to
tissue that has been stained usihrdye either before or after cultureNote that tissue that

did not stain with NR dye prior to culture was discarded as only tissue containing follicles was

cultured. Fixed tissue refers to tissue that has been analysed histologically.
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Figure4.3 Mean tissue weight per well SEMfor 6 repeat cultureon day O and 6 of cortical
tissue culture usindAFC AFCmodified, Leeds and Leedsodified treatments. Analyses of
tissue weights within treatments using ipad t-test revealed no statistically significant
differences (p>0.05). Analysis of tissue weight between treatments using ANOVA revealed
significantly lower weights in th&FCand AFCmodified than the Leeds and Leedsodified
treatment groups irrespective of day of culture (p<0.0Bjfferent letters indicate significant
differences at p<0.05.

Follicles were classified as primordial or growing based on size and appearance following NR
dye stainingin situ seeFigure4.4. This is a rather crude method of establishing follicle
classification and was therefore primarily used to determine which tissue pieces contained
growing follicles irorder to exclude them from the Leeds treatment group. Follicle population
dynamics were analysed more accurately in fixed tissueR&peed.5). The resultpresered

in Figure4.4 (a) show that in al culture treatments the mean number of primordial follicles
per mg of tissudnad significantly decrease(b<0.(b) after 6 days of culture. This could be due

to follicles activating or degenerating. The result§igure4.4 (b) show that after 6 days of
culture therewere significantly fewer growing follicles in both t#d=Cand the AFCmodified
culture treatments (p<0.05). Thereforeit is unlikely that the derease in the number of
primordial follicleswas due to follicle activation alonéout rather the numbers of both
primordial and growing folliclealsodecreagd as a result ofollicular atresia. The number of
growing follicles @l not change significantlin the Leedsnodified culture treatment. After 6

days of culture the mean number of growing follicles preseas0.17 per mg tissue culturetl

0.09 for 6 culture repeats. Thevidence supports the idea thatimordial follicles may be

activating in he Leeds culturé&reatment.



144

(a) Mean number of primordial follicles per mg tissue
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Figure 4.4 Comparisonof the effect of differentshortterm culture treatments on follicle
population dynamics ifreshtissue stained witiNRdye on days 0 and 6 of cultur@he mean
number of viable (a) primordial and (b) growing follicles present on days 0 and 6 of culture
usingAFC AFOmodified, Leeds and Leedsodified culture treatments+ SEMper mg tissue at

the start of culture,for 6 repeat cultures are shown. Statical differences in the mean
number of viable follicles on days 0 and 6 of culture within treatment groups are denoted as *
p<0.05, ** p<0.01.
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Figure4.5 Histological comparisoof shortterm culturetreatments onfollicle population dynamics in tissue fixed on days 0 and 6 of cultlihe. mean number

of viable primordial and growing follicles present on days 0 and 6 of culture ASIGAFCmodified, Leeds and Leednodified culture treatmentsis shown.
Values presented as mearSEMper mg of tissue at the start of cultufer 4 repeatcultures. Statistical differences in the mean number of viable follicles on days
0 and 6 of culture within treatmdrgroups are deated using *p<0.05.
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The tissue was also analysed histologicdhe data presented irFigure4.5 shows that the
mean number of primordial and growing follicles did not change significantly in any culture
treatment except for treatment (1)-the Leedstreatment, where tissue contained only
primordial follicles as classified by NRining on day 0, but which contained a significantly
increasedmean number of growing follicles after 6 days of culture. Although the Leeds
method aimed to exclude any growing follicles on day 0 this was not always ache#Riand
primary follicles were detected histologicallyhowever,no more advanced follicles were
detected andhe mean number of growing folliclegaslower thanany ofthe othertreatment
groupson the first day of culture. In all cultuteeatments the histological data mirrorethe

fresh tissue results athe mean number of primordial follicles decreased after 6 days of
culture, although not significantly. In ateatments groupsother than Leeddreatment the
mean number of growing follicles decreased after 6 days of culhoeeverdue to variability

in the data and the limited number of culture repeats, when expressed on a per culture basis
these differences were not significant (p>0.0B) addition data regardindegeneratingollicle
counts per mg fixed tissue is presedtim Figure4.6. Follicles were classified as degenerating

if they either lacked a complete layer of GCs or if the oocytes had become detached &om th
GCs and appeared to be shrinkinglThere was no significant change in the number of

degeneratindollicles on days 0 and 6 of culture in asfithe culture treatments
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Figure4.6 Comparison othe mean number oflegeneratingollicles per mg of fixed tissue on
days 0 and 6 of cultureValues presented as lggmeanz SEM for 4 repeatcultures. Follicle
counts were not statistically differerfp>0.05)on days 0 and 6 of culture in aoy the culture
treatments asdetermined using (i dzR &tgsti Q &
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Follicle sirvival ratesfollowing the use of different culturetreatments were analysed by
considering the percentage of primordial or growing folli¢lest werestill viable after culture.
The datafrom fresh tissue is presented Figure4.7. Statistical analysis of the data presented
in Figure4.7 (a) showed no significantifference in the mean percentage of primordial follicles
which survived culture between the four differetrteatments InFigure4.7 (b) only the data

for the AFCand AFQOmodified culture systems is presented as only in these two groups did the
mean percentage of follicledecrease after culture. There wano statistical difference
(p>0.05)in the percentage of viable growing follicles between these twlture groups. In the
Leedsmodified culture treatment the mean percentage of viable growing follicles increased by
156.4+117.8%(n=6 cultures). The SEM indicates a large degree of variability in the data. As
previously stated tissue pieces contaigimore advancedyrowing follicles were notisedin

the Leeddreatment therefore it was not possible to calculate the percentage incrdasghis

group.

Figure 4.8 shows data regarding th@ercentageof viable (a) primordial and (b) growing
follicles present in tissue fixed on day 6 relative to day 0. The data concernipgrtentage

of primordial follicles Figure 4.8 (a)) is shown for the AFC Leeds and Leedsodified
treatments In these systems theercentageof primordial follicks decreasedn day 6 relative

to day 0, however, theravas no statistical difference(p>0.05)in the degree to which the
percentagedecrease. Data regarding thAFQOmodifiedmethod is not shown ifrigure4.8 (a).
This is because the mean pentage of primordial follicles veagreater on day 6 of culture
(20.3t73.9% n=4 cultures. This is probably due to the uneven distribution of follicles in the
ovarian cortex and between ovaries. The SEMs are very largeh widicatessubstantial

variety in the data and the need for a higher number of culture repeats.

The data concerning thpercentageincrease ingrowing follicles Figure4.8 (b)) is shown for

the AFCAFQOmodifiedand Leedsreatments Note that the data is presented differently from
the fresh tissue data ifrigure4.7 (a) as the mean percentage of growing follicles increased
following culture in fixed tissue in theFC AFQmodified and Leeds treatment groups, unlike in
the fresh tissue where it decreased. The percentaiggrowing follicles following culture was,
however, calculated in the same way as the percentage of follicles surviving cultutleese
systems thepercentageof growing follicles has increased on day 6 relative to day 0, however,
there was no statisti@l difference in the degree to which thgercentageincreasel. Data

regarding the Leedsiodifiedmethod has beerexcluded fronFigure4.8 (b) becausehe mean
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percentage of growing folliclesaslower on day 6 of culture, a mean decrease of 32(26%

for 4 culture repeats.

(a) Percentage primordial follicles
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Figure 4.7 Fresh tissue comparison of shaéerm culture systems with respect to follicle
survival rates in tissue stained wiRdye on days 0 and 6 of culturdhe mean percentage
of (a) primadial and (b) growing folliclegsresent on day 6elative to day Oof culture using
AFC AFOmoadified, Leeds and Leeds modifiedlture treatments Values presented are mean
+ SEM for 6 cultures.



149

(a) % primordial follicles surviving culture
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Figure 4.8 Histological comparison of shetérm culture systems with respect to the mean
percentage of viable follicles present on day 6 compared to day 0 of culkigeire (a) shows
the mean percentage of viable primordial follicles present after 6 days tfreuih the AFC
Leeds and Leeds modifiedulture treatments Figure (b) shows the lggof the mean
percentage increase in growing follicles mesusingAFC AFCmodified and Leeddreatment
groups Values presented as the meaSEM for 4 cultures.
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Figure4.9 Percentagef (a) primordial and (b) growing follicles in fresh tisguessessed by NR
staining- on days 0 and 6 of cultuia AFCAFQOmodified, Leeds and Leedasodifiedtreatment
groups 6 culture repeats were performed for each system and the total number of follicles
recorded wasaused to calculate follicle proportions. Statistical differences in the proportion of
follicles on day 0 and 6 of culture, within each treatment groapdenoted using *p<0.05.
**p<0.01, ***p<0.001,were determined using Cksquared analysis.

In Figure4.9 the percentageof viable primordial and growq follicles in fresh tissue on days 0
and 6 of culture are shown. eRcentages were calculated from théotal number of follicles
acrossall 6 culture repeats for eactieatment group Totalviable follicle numbers in fresh
tissue, on days 0 and 6 of twie, are shown inTable4.3. The grcentageof primordial
follicles significantly deeased after 6 days of culture followingpth the AFCand Leeds

treatment. Conversely, aignificant increase in thegpcentageof growing follicles was seen
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following culture usinghe AFCand Leeddreatments In both the AFCmodified and leeds
modified systems the prcentageof growing follicles relat to primordial follicles present in

the tissue increased on day 6 relative to day 0, although this change was not statistically
significant(p>0.05) Thismethod of presentationis the standard format used by numerous
research groups to present follictynamics datgHovatta et al., 19990'Brien et al., 2003
Telfer et al., 2008Morgan et al., 2018 Presentation of data in this way can be misleading as
the percentage are calculated as the number of either primaiddor growing follicle®f the

total follicle numbers on the day of culture. There af@ fewer follicles present in the tissue

on day 6 of culture due to high levels of follicular atresia therefore althougttatad number

of growing follicles on day 6 of culture has decreased, igralips other than the Leeds
treatment, the percentagerelative to primordial follicles has increased. Therefore if data is
presented in this manner information regarding survival ragbsuld also be shown to give a
clearer indication of why the follicle population dynamics have changed, i.e. to determine

whether it is due to follicle activation or atresia.

Table 4.3 Total number of primodial, growing and total viable follicles in fresh tissue.
Numbers refer to the summation of the total folliclerimbersacross6 repeat cultures, in
each culturgreatment, on days 0 and 6 of culture.

tgg:“mrgm AFC AFQmodified Leeds Leedsmodified
Day 0 6 0 6 0 6 0 6
Primordial| 11774 3426 | 6570 3481 | 14519 2651 | 19895 12576
Growing | 31 19 190 114 0 1 272 193
Total 11805 3445 | 6760 3595 | 14519 2652 | 20167 12769

In Figure4.10the percentageof viable primordial and growing follicles in fixed tissue on days 0
and 60of culture are shown. détcentage were calculated from théotal number of follicles
across 4eplicatecultures for eachtreatment. Totalviable follicle numbers in fixed tissue, on
days 0 and 6 of culture, are shownTable4.4. In the AFCmodified and Leedgreatments
there was no change in theepcentageof primordial and growing follicles on days 0 and 6 of
culture. Whereadn the Leeds modifiedystem the prcentage of primordial follicles had
decreased significantl{p<0.001) by day 6, relative to day .0 This was matched ta
subsequent significant increagp<0.001)in the percentageof growing follicles. However,
following the AFCtreatment there was asignificant increase in thegpcentageof primordial
follicles on day O relative to day 6 of culture and a subsequent significant de¢pees601)n

the percentageof growing follicles.
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Figure4.10 Percentageof (a) primordial and (b) growing follicles in fixed tissue on days 0 and 6
of cultureas assesseith AFC AFOmodified, Leeds and Leedsodifiedtreatment groups Data

from 4 replicatecultures were analysedfor eachtreatment and the total number of follicles
used to calculate follicle proportions. Statistical differences in the proportion of follicles on
day 0 and 6 of culture, within each treatment group, are denoted usipg0.05,**p<0.01,
***n<0.001, with statistical gjnificance beingletermined using Ckéquared analysis

The results shown iRigures4.4-4.8 illustrate the advantages and disadvantages of analysing
both fresh and fixed tissue and therefore the necessity of using both these methods. The
analysis of fresh tissue with respect to ki counts may be less accurate than that of fixed
tissue, due to the difficulty in determining exact numbers of primordial follicles, particularly
after culture when the tissue is at 37 Wben both the stroma and follicles rapidly take up the

NR dye makig it more difficult to distinguish between th&tissue compartments However,

repeated NR stainingf freshand culturedtissue allows the same tissue to lssessed on
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both day 0 and day 6, which is not possible with the fixed tissue. The use of different fixed
tissue samples on days 0 and 6 of culture is probably the cause of the increase in primordial
follicle numbersseen after culture in théAFCmodified culture group. Furthermore, the low
number of culture repeats(n=4) analysed to generatéhe histological data will have

contributed todata variability and henctihe lack of statistical significance.

Table 4.4 The totalnumber of primordial, growing and total viable follicles in fixed tissue.
Numbers refer to the summation of the total follicles frofnculture repeats, in each culture
system, on days 0 and 6 of culture.

Culture

treatment | AFC AFQmodified Leeds Leedsmodified
Day 0 6 0 6 0 6 0 6
Primordial| 1355 660 1355 1360 1470 725 1470 510
Growing | 1970 640 1970 1970 510 250 2535 1740
Total 3325 1300 3325 3330 1980 975 4005 2250

The data on total follicle numbers in fresh and fixed tissue, presentddhbies4.3 and 4.4,

were used to determine the level of agreement between the follicle counts in fresh and fixed
tissue, seeFigure4.11. Regarding the total number of primordial and all classifications of
follicles there was a weak positive correlation between the counts obtained from fresh and
fixed tissue, which was not statistically significant (p>0.05). Wasevédth regard to the total
number of growing follicles there was a stronger, statistically significant (p<0.05) correlation
between counts obtained from fresh and fixed tissue. This highlights the difficultly of using NR
staining to accurately determinfollicle loading and why it remains essential to also quantify

follicle population dynamics in fixed tissue.
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Figure4.11 The relationship between the total number of (a) primordial, (b) growing and (c) all
follicles in fresh and fixed tissued weak positive correlation was observe&Qm5 between
follicle count in fixed and fresh tissue (a) primordial and (c) all follicléata sets, analysed

using{ LISI NXI yQa

NI vy 1 A 8tidReS BiistoaNSgRificanti(p<a.§5) positive

correlation was observed between the number of growing follicles present in fresh and fixed
tissue. Data is presented for 8 repeats and thievRlue is shown for each liraf best fit
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Figure4.12 Percentages of viable primordial aggowingfollicles,and degeneratingfollicles
present in tissue fixed on days 0 and 6 of cultureAFRC AFCmodified, Leeds and Leeds
modified culture treatments. 4 culture repeats werenaly®d for each system and the total
number of follicles used to calculate follicleerpentage. Statistical differences in the
percentage of follicles betweedays O and 6 of culire within each treatmehgroup, are
denoted using *p8.05 **p<0.01, ***p<0.001, determined using Gkguared analysis.

Figure4.12 shows the prcentageof follicles present in tissuiixed on days O and 6 of culture.

In Figure4.10 similar data was presented, howevemly viable follicles were included in the
analysis. In Figure4.12 counts of the number of desperatingfollicle were used to calculate
the relative percentagef viableprimordialand growingfollicles,and degeneratingollicles in
each culture system. Presenting data in this manner allows for a much clearer representation
of why follicle grcentages have changed. When the data presentedFigure 4.10 is
considered the prcentageof growing folliclesin the AFCand Leeds modified treatment
groupsincrease significantly(p<0.001)on day 6 relative to day 0. One may conclude that this
is due to the activation of primordial follicles in culture, supported by the fact that the
percentageof primordial follicles significantly decreab<0.001) However, when theounts

of degeneratindollicle numbersare also considered, as figure4.12, the percentageof both
primordial and growing fdltles significantly decreaséd<0.001)on day 6 relative to day,On
both the AFCand Leeds modified treatment groups In contrast the percentage of
degenerating follicles significantly increased on day, ®llowing culture using these
treatments Thissuggests that the decrease the proportion of primordial and growing

follicles is due to follicle loss by atresia.
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Similarly inclusion of thedata on follicle degeneratiom Figure4.12 has aided interpretation
of the data presented irFigure 4.9 with respect to the AFCsystem. InFigure 4.9 the
percentageof primordial follicles increases, relative to therpentageof growing follicles, on
day 6 of culture. Inhis figure the data is presented in a way that suggests #regntageof
primordial follicles has increased on day 6 relative to dayV@hen the data on follicular
degenerationis included inFigure4.12, however,it is clear that both the ercentage of
primordial and growing follicles have significantly decreage®.001)on day 6 relative to day
0. The degree to which theepcentageof primordialfollicles has decreased is lower than that
of the percentage of growing follicles. The gocentage of degenerating follicles has
significantly increased on day 6 of culture relative to dayA@alysis of theAFCmodified and
Leeds systemgpresented inFigures 4.90 and 4.12 show that te percentageof primordial,

growing anddegeneratingollicles dd not change on day 6 relative to day 0.

Both the presentation of data as mean total follicles per mg of tisFigute4.4 and4.5) and

as follicle proportions Kigure 4.9 and Figure 4.10) enables the comparison of follicle
population dynamics éfore and after culture. However, presenting the data per mg of tissue
is much more informative as tissue weights varied largely and therefore it is important to
standardise the data using this method. It is also useful to present the data as the pgeent
change in follicles per mg of tissueiqure4.7 and Figure4.8) as there are large variations in
the numbers of follicles present on day O of culture therefore the percentage change data
provided a clearer indication of the extent to which the follicle populationsl lthanged.
Based on these awlusions the remainder of the data regarding follicle population dynamics
will be presented as the mean number of follicles per mg tissue in tabulated form and the

percentage of follicles per mg tissue in graphical form.

4.3.2 Follicle population dynamics follicle classifications

The follicle population dynamics on days 0 and 6 of culture are now considered in respect to
follicle classification Table4.5 summarisedoth the total andmean number of primordial and
EP, primary, transitional and secondary follicles per gram of fresh tissue on days O and 6 of

culture.



Table4.5 The total number and mean number of follicleSEM per g of fresh tissue on days 0 and 6 of culture iIAE@AFOModified, Leeds and Leedsodified
treatment graups, as determined using NR stainifithe total number of follicles was not analysed statistically as this data is presented in terms of proportions in
Figure4.13. The mean number of follicles data was analysed using the patest tind statistically significantedreasesn follicle number on day 6 of culture,
compared to day O are denoted using<@05 and **p<0.01.

Follicle classification
Day Culture treatment Total ano|r5d|3|a| and 1° Trans 20
AFC 1008269 1005657 2013 599 0
AFQOmodified 390490 379335 7005 4150 0
Total 0 Leeds 1299945 1299945 0 0 0
fonllliJcTebse;)g: . Leedsmodified 705260 695531 7003 2727 0
tissue AFC 304505 302823 1148 451 84
cultured 6 AFQmodified 200045 193675 4098 2150 121
Leeds 609420 608586 833 0 0
Leedsmodified 440142 433951 5443 613 135
AFC 16744+32170 16700332000 340£110 100+60 0 =
Mean 0 AFQmodified 648605520 630065000 1170G£380 690+140 0 ~
number of Leeds 21700@42000 21700@42000 0 0 0
follicles per g Leeds modified 11762313550 11600G:13000 1170:490 450£60 0
tissue AFC 5075G:10140 5047G:10030* 190+70* 80+£30 10£10
cultured+ AFQOmodified 333406500 322806190 680+180 360+£120* 20+10
SEM 6 Leeds 10157@31860 101433172 140+140 0 0
Leeds modified 73360:33420* 7233016500 910£370 100+40** 20+10
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The data for the total number of follicles per g of cultured tissue, expressed as percentages is
presented inFigure4.13. Following all 4 culture treatments themeannumber of primordial

and EP follicles significantly (p<01) decreased on day 6 of culture, compared to ddge®
Table4.5). Only in theAFC AFCmodified and Leedsnodified culture treatments were there
primary and transitional follicles present on day 0. In all these systems the number of follicles
decreased by day 6 of culture. Secondary follisless not present in any culture system on
day 0 however secondary follicles had developed by day 6 of culture iBRGAFCOmodified

and Leedsmodified culture systems. The absence of secondary follicles from the Leeds
treatment tissue, which containednly primordial follicles at the start of culture indicates that
the secondary follicles present on day 6 of culture in the other treatment groups were
probablynot derived from primordial follicles that activated vitro but rather they developed

from more advanced follicles that were already growing at the start of culture.

2.5 - B AFC

B AFC modified

m Leeds modified

% follicles

Primary Transitional ‘

Follicle classificatior ‘

Figure4.13 The percentage of primary and transitional follicles on days 0 and 6 of culture in
fresh tissue following culture ithe AFC AFCmodified and Leedsnodified treatment groups.
Chisquared analysis of the data revealed statistically significant differences (p<0.001)
indicated using different letterdhoth between and within treatment gups with respect to

the percentage of follicles on days 0 and 6 of culture. Note that the total nhumbers of all
follicles from all classifications present per g of tissue were considered when calculating the
percentage of follicles and when performing ts&tistical analysjdor 6 culture repeats

Follicle population dynamicare considered in terms of the percentage of follicles present
fresh tissueon days 0 and 6 of culturen Figure4.13. Only follicles at the primary and
transitional stagesre considered heregata for the Leeds$reatment groupis nottherefore

shown as neither of thesmllicle classificationsvere presert in Leeds day 0 tissuénalysis of

the data revealed that the percentage of follicles was significantly different (p<0.001) on day 0
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and 6 of culture both within and between all treatment groups presentBdamination of the
dataalsoreveakd a signifcantly higher (p<0.00Jercentage of both primary and transitional
follicles onboth day 0 and day6 of culture in theAFCmodified system thanin the AFCand
Leedanodified systems.The higher percentage of follicles seen in &kleOmodified system on

day 6 islikely to bedue tothe higher percentage of follicles at these stages being present in
the day O tissue. In th&culture treatment groupgresented inFigure4.13 secondary follicles
were present in the tissue on day 6 of cultuAC 0.022%AFQOmodified 0.172% and Leeds
modified 0.021%. It should also be noted that a small number of primary follicles (0.17%)

were present in the day 6 tissue followinglture using the Leeds treatment.

Follicle population dynamics with respect to follicle classification were considered in fixed
tissue samples.Table4.6 summarisedoth the total andmean number of primordial and EP,
primary, transitional and secondary follicles per g of fresh tissue on days 0 and 6 of culture.
There were no statistically giificant (p>0.05) changes within the follicle classifications
between days 0 and 6 of culture in any of the culture systefallicle population dynamics
were considered in terms of the percentage of follicles prederfixed tissueon days 0 and 6

of aulture, seeFigure4.14. Only follicles at the primaryransitionaland secondarystages

were considerechere and thedata for the Leedsreatment group is not shown as one of

these classifications of follicleas present in Leeds dayti6sue. Analysis of the data revealed

that the percentage of follicles was significantly different (p<0.001) on day O and 6 of culture
both within and between all tratment groups presented. The proportion of primary and
transitional follicles increased in all treatment groups presentedrigure 4.14. A large
increase in the percentage of primary follicles was observed inAR€treatment group on

day 6 of culture. Examination of the dataTiable4.6 showed that the large increase in the
percentage of primary follicles was accompanied by a large decrease in the percentage of
primordial and EP follicles, suggesting that the increase was due to follicles activating and
developingin vitro, however, theincrease in number of primary follicles is much smaller (~30
times lower) than the decrease in number of primordial and EP follicles. Therefore the large
increase in the percentage of primary follicles is more likely a result of high levels of follicle
atresia than activation and development. Although a small percentage of secondary follicles
were present in the tissue on day O of culture none were present on day 6, therefore these
culture treatments were not able to support the survival of secondarycfefiin vitro. To aid
clarity the histological data regardingepentageof transitional and secondary follicles on days

0 and 6 of culture is shown ihable 4.7. The data was not normally distributed and was

therefore analysed using negparametric tess.
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Figure4.14 The percentage of primary and transitional follicles on days 0 and 6 of culture in
fixed tissue following culture ithe AFC AFCmodified and Leedsnodified treatment groups.
Chisquareal analysis of the data revealed statistically significant differences (p<0.001) both
between and within treatment groups with respect to the percentage of follicles on days 0 and
6 of culture. Note that the total numbers of all follicles of all clasgifina present per g of
tissue were considered when calculating the percentage of follicles and when performing the

statistical analysijdor 4 culture repeats

The mean diameters of follicles and oocytes in tissue on days 0 and 6 of culture in each
treatment system are presented ifable4.8. In all treatment groups and classifications follicle
and oocyte diameter increased on day 6 of culture relative to dawih, the exception of
transitional follicles in theAFCmodified treatment group in which the diameter decreased.
Statistically significarp<0.05)increases in diameter were observed in primordial follicles and

oocytes and EP follicles in tihd&-Cmodified and Leedsnodified treatment groups as well EP

oocytes in the Leedwodifiedtreatment group.



Table4.6 The total number and mean number of folés+ SEM per g ofiedtissue on days 0 and 6 of culture in tAeC AFOmodified, Leeds and Leedsodified

treatment groups, as determined using NR stainifie total number of follicles was not analysed statistically as this data is presented in terms of proportions in
Figured4.14. The mean number of flicles data was analysed usittest and changes in follicle number were ratatistically significanfp<0.05).

Follicle classification

Day Culture treatment Total Primordial EP 1° Trans 2°
AFC 1534704 645559 774013 83333 24507 7292
0 AFQmodified 1534704 645559 774013 83333 24507 7292
Total number Leeds 2375758 1785985 556061 33712 0 0
of follicles per Leedsmodified 1580245 927169 539300 95344 14728 3704
g tissue AFC 573366 227393 194884 129798 21291 0
cultured 6 AFQmodified 1043110 418075 506229 74969 43838 0
Leeds 1416250 1059464 356786 0 0 0
Leedsmodified 1008472 645046 304280 47617 11529 0
AFC 383283:128510| 161390551270 | 19350064940 2083@:8960 | 613Q:2270 | 1820+1070
AFQmodified | 38328(:128510| 16139G:51270 | 19350@:64940| 208308960 | 61342270 | 1820£1070
Mean number| O Leeds 59395@274700| 446500:216510| 13902556570 84301620 0 0
of follicles per Leedsmodified | 39507@:105040| 23179@:61330 | 13483@:30510| 23840:9070 | 36803200 | 930+930
g tissue AFC 14334663210 | 5685Q:22410 | 4872016710 | 32450:21620 | 5320£2470 0
cultured+ AFQmodified | 26078G:149080| 10452@:55850 | 12656@82160| 18740:6150 | 10960:4920 0
SEM 6 Leeds 354073:149690| 264873114280 89200:35410 0 0 0
Leedsmodified | 25211@79950 | 16126@:15652 | 76070:18100 | 1190G:7050 | 288Q:2540 0

19T



Table4.7 A histological comparison of the mean % of transitional and secondary follicles present per g of tissue fixed on daysf@ualhdein the 4 systems
tested. Meanst SEM are shown for 4 culture repeatsThere were nastatistical differences within culture systems and follicle classifications on days 0 and 6 of
culture, determined using either a paireddst or Wilcoxon signed ranks test. Nor were there any statistically significant differences in thepereantageof
follicles withineachfollicle classification between culture systems on days 0 and 6 of catutetermined usinghe KruskalWallisanalysis

Mean % per g tissue fixed
Follicle Classificatior] Transitional Secondary
Day of Culture Day 0 Day6 Day O Day 6
Culture AFC - 3.241.8 6.4t39 |0.30.2 O
treatment AFQmodified 3.241.8 6.333.7 | 0.330.2 O
Leedsnodified 0.740.5 0.80.7 [0.20.2 O

=

(o]
Table4.8 Themean diameter of primordial, EP, primary, transitional and secondary follicles and oa & in tissue samples across 4 culture repeats on days 0’
and 6 of culture in each treatment grou@lanks in the table indicate that there were no follicleshattclassification present in tissue cultured within that system
at that day of culture. Data was not normally distributed and therefore was analysed using theWhimey U test. Mean follicle and oocyte diameters were
compared between days 0 and 6aflture within each follicle classification and treatment group. Statistically significant differences are denoted usn@5)(p

Culture | Day Primordial EP Primary Transitional Secondary
treatment Follicle Oocyte Follicle Oocyte | Follicle | Oocyte | Follicle Oocyte Follicle Oocyte
AEC 0 | 23.940.5 | 20.3:0.4 | 27.t0.8 | 21.3:0.6 | 35.4t1.9| 25.1+1.6 | 80.4t4.6 | 41.82.1 | 140.%413.4 | 56.6t11.6
6 27.32 | 23.1+1.8 | 29.9+2.1 | 23.2t1.5 | 38.242.8 | 26.3t2.1 | 86.8t2.3 | 49.4+2.3
AFC 0 | 23.9+0.5 | 20.3:0.4 | 27.0t0.8 | 21.3t0.6 | 35.4:1.9| 25.1+1.6 | 80.44.6 | 41.82.1 | 140.%#13.4| 56.6t11.6
modified | 6 | 27.1+0.4* | 23.4+0.5* | 30.4:0.6* | 23.6t0.3 | 43.6:2.6 | 30.%#2.7 | 71.#5.3 | 42.6:4
Leeds 0 | 22.0t0.4 | 18.6t0.3 | 25.8:0.6 | 19.40.6 | 44.3t3.5| 26.43.1
6 | 22.4t0.2 | 18.9+0.3 | 26.0t1.2 | 19.4:0.9
Leeds 0 | 23.20.4 | 19.6t0.4 | 26.4#0.4 | 20.%0.3 | 38.3t1.5| 26.5:0.7 | 79.7#0.9 | 33.42.2
modified | 6 | 28.2t1* | 23.6t0.6* | 37.%3.6* | 27.3:1.8* | 39.82.2 | 27.91.3 | 80.3t18.4 | 52.4t16.3
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4.3.3 Stromaltissuescoring

On day 8 of culture tissue pieces were incubated in NR dye. Following this incubation period
tissue pieces were assessed with respect togheentageof the tissue that positively stained

with NR dye. The results are showrFigure4.15. On day 8 of culture the tissue in the Leeds
culture system hd the highest percentage positively stainedstroma (84.31.6% n=6.
Although this wasnot significatly different (p>0.05) from the tissue grown in the Leeds
modified culture system, itvas significantly greatefp<0.05)than the stroma culturedin both

the AFCand AFCmodified culture systems. The tissue in tidCculture system has the

lowestpercentagepositively stained stroma (31+£3.3%, n=6.

The integrity of the stromal tissue was assessed histologically, as shdviguie4.16. The
difference in the integrity of the control day O tissue was not statistically significantly different
(p>0.05)from the Leeds day 6 tissue. However, the stromal tissue score of the tissue in the
Leedsmodified, AFCand AFCmodified culture systems was significantly lowgr<0.05)than

that of the day O control tissue. The tissue in tieCculture system had the lowest stromal
tissue score. The stromal tissue se®mf the Leeds and Leeds modifigdoups was not

statistically sigdicantly different(p>0.05)
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Figure4.15 Analysis of tissue viabilitgs assessed in fresh tissue by NR staiomglay 8 of
culture in all 4 culture systemsThe percentage of the tissue that stainedsiively is shown

as meant SEM for 6 culture repeats. Different letters represent statistically significant
differences (p<0.05).
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Figure4.16 Histological analysis of stromal tissue and folliategrity. The overall appearance
of the tissue and follicles in the section of tissue was rated as goodd8yuate(2) or poor
(1). Values are shown as mearSEM for 4 culture repeats. Different letters represent
statistically significant differeces (p<0.05).

4.4 Discussion

The results show that primordial follicle activation, development and survival are supported
the shortterm by the Leeds culture system. The extent to which primordial follicle activation
is suppored in theAFC AFOmodified and Leedsnodified systems is unclear, as it is uncertain
as to whether primordial follicle counts and proportions decreased as a result of follicle
activation or atresisor a combination of both Both primordial and growintpllicle counts
decreaseddllowingall culturetreatments, excepwhen using thd_eedssystem showing that
even if primordial follicles are activating ttascurredat a lower rate than atresiaas induced

in growing follicles. The data indicates however, that the decrease inimggofollicleswas
lower in the Leedsnodified system than theAFCand AFCmodified systems. This could either

be due to a higher rate of follicle activation in the Leedsdified group, or a lower rate of
atresia of growing folliclesor both Thisevidence suggestthat the conditions in the Leeds
and Leedsnodifiedtreatments may be preferential to thosased in theAFCand AFQmodified
treatment groups. As previously mentioned the culture systems differ in terms of media
composition, tissue preparation, use of insert and media volasewell as thenumber of

cortexpieces per well. The potential effects of these differences will be discussed.bel
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4.4.1 Media composition

One of the major differences with respect to media composition was the addition of
gonadotrophins, FSH and LH to the Leedsd&enodified andAFCmodified culture meda. LH
receptors are not expressed until the development of thedal cell layer in ovine follicles and
therefore the addition of LH to the madliis unlikely to affect preantral follicle growth or
development(Carson et al., 1979 This constituent is included to support the later stages of
development should these be present in tissue on day O or be induced in culture. Similarly,
although FSH recepterare not expressed prior to the primary follicle stage in sh@egulall et

al., 1995 this gonadotrophin was added to the medirom day O, when the Leeds tissue
should have only contained primordial foléslto support the progression of development

Primary follicles were gesent in the Leeds modified\FGind AFQmodifiedtissue on day O.

Researchalsosuggests that FSH promotes follicle survinalitro, this has been demonstrated

in numerous speciewcluding rodentdChun et al., 1996 goat(Matos et al., 2007aMatos et

al., 2007D, sheep(Costa et al., 201,0Peng et al., 2000 cow(Yang and Rajamahendara200Q

and human(Wright et al., 1999 Early studies byChun et al. (1996demonstrated the
promotion of follicle survival via the artipoptotic actions of FSH in rodent early antral
follicles. Further evidece of FSH as a survival factas been produced by more recent
studies in various species. Numerous studies have been conducted regarding the effect of FSH
on caprine preantral folliclem vitro. Earlier studies provided evidencé tbe promotion of
preantral follicle survival by FSH in cortical slice cul{iatos et al., 2007a Prior to these
studies research suggested that there was no link between the inclusion of FSH in the culture
media and capine follicle viability in shorterm cortical culturgSilva et &, 2004h). However,
subsequent research by the same group has lead authors to suggest that FSH is actually
essential for the maintenance of caprifellicle viability in vitro (Matos et al., 2007p
Differences in these findings probably arose from the differences in concentration of FSH
added to the culture medi50ngmi* (Matos et al., 2007pvs. 100ngmt (Silva et al., 2004b
Studies have also been conducted to elat&dthe effects of FSH inclusion im situ ovine

follicle culture. In a study conducted Bosta et al. (20)he inclusion of FSH in the medi

did not appear to promote ovine follicle survival compared to the control. However, when
indole-3-acetic acid (IAA) was included in the neegli deleterious concentrations that induced
apoptosis, FSH was able to reduce these effects. One mechanism by which FSH has been
shown to promote follicle survival in rodents is via the promotion of glutathione production by
follicles, which suppresses reactive oxygen species production, thus mgdtiw level of

apoptosis occurring due to oxidative dama@esaiTurton and Luderer, 2006 This is likely to
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be the mechanism by which HSounteracted the effects of IAA in the aforementioned study
(Costa et al., 2000 Furthermore Perg et al. (201pshowed that FSH promoted preantral
follicle survival in ovine cortical culture when added to the culture medih epidermal

growth factor (EGF) and ascorbic acid. In addition, the use of FSH combined with EGF was also
shown to promoteovine primordial follicle viabilityn vitro when assessed using transmission

electron microscopyAndrade et al., 2010

Addition of FSH to the culture medihas also been shown to promote follicle growth and
development. Inclusion of FSH in meg@romoted thein situ growth of caprine preantral
follicles(Matos et al., 201l When combined with fibroblast growth fact@r(FGF2) FSH was
also shown to promote caprine primordial follicle iaation (Matos et al., 2007aViatos et al.,
2007H. In ovine cortical culture FSH was shown to increase follicle size and promote GC
proliferation, when used in combination with ascorbic asidEGKPeng et al.2010. Addition

of FSH alone to the culture mediromoted the development of ovine primary follicles to the
secondary stagen situ (Costa et al., 2000 Furthermore, inclusion of FSH increased the
percentageof developing follicles present in cultured ovine cortical tissue, although not
significantly when compared to the F&ide control meda (Andrade et al.,, 2005 FSH
inclusion in the culture medialso promoted the growth of human preantral follicles situ
(Wright et al., 1999 There iconflicting evidence regarding the ability of FSH to promote
growth and development of bovine preantral folliclesvitro. With respect to bovine follicles
FSH receptors are expressed from the primary s(@gendji et al., 1992 However, FSH did
not promote follicle development from the primary to secondary stage or follicle growth in
shortterm bovine cortical tissue culture, nor did FSH promote primoriditicle activation
(Fortune et al., 1998Derrar et al., 2000 Whereas, inclusion of FS8ldringisolated preantral
follicle culture, has been shown to promote preantral follicle growth and proliferation of GCs
(Wandiji et al., 1996aSaha et al., 2000 It should also be noted that in the isolated follicle
cultures mentioned above the meticontained serum, whereas the medin the cortical
tissue cultures was serufnee. Thereforethere may have been some component present in
the serum that mteracted with FSH and resulted in the promotion of follicle development.
Alsothe effects of FSimay differ between ovine and bovine preantral follicle developmiant
vitro. Thus the inclusion of FSH in the culture raedithe cortical culture systemeveloped

by McLaughh and Telfer (2010may not promote bovine follicle growth. However, when the
culture system was adapted for use with ovine tissue the inclusion of FSH may be optimal to

promote follicle survival, growth and development.
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Therefore theimpact ofinclusion of FSH in the culture mediauld partly explain the data
presented inFigure4.4 (b) and Figure 4.9 which revealed dower significant decrease in
number of growindollicles observed in the Leedsodified group, compared to théAFCand
AFCmodified groups & well as a concomitanihcrease irthe percentageof growing follicles
rather than a decrease. As previously mentioned this may be due to either higher levels of
follicle activation in this culture system, or higher growing follicle survival rates, or a
combination ofboth. It is possible that the inclusion of FSH in the culture enediy have
promoted preantral follicle survival, growth and development. HoweaeFSH was included

in the culture meda used inthe AFCmodified system the results observed cannot be due to
FSH inclusion alone. The histology data presentdtdgure4.5 shows there was a significant
increase in the number of growing follicles per mg tissue on day 6 of culture, relative to day 0
(p<0.05). Furthermore, the number of nerable follicles decreased after culture in the Leeds

sysem, seeFigure4.12.

Pyruvate

Both types of basal media;a9a | yR a0/ 2&Qa plI dzZASR Ay (KA
glucose as an energy sourck addition,sodium pyruvate was added as an additional energy
source in the Leedd eeds modified andFCmodified culture media Pyruvate wasbsent

from the AFCculture meda. Previous research has shown that follicles utilise both glucose
and pyruvate(Boland et al., 1994bBoland et al., 1994&Biggers et al., 196 Harris et al.,
2007). Energy production from glucose is achieved both via glycolysis, which-txilative
asdemonstrated experimentally in mice by assaying for lactate production and via the pentose
phosphate paiway, an oxidative proces®oland et al., 1993Harris et al., 200/ More
specifically glucose metabolism is favoured by the somatic cells of the follicle, whereas
pyruvateis utilised as the primary energy source during oogytabolism. Oocytes can be
supplied with yruvate bytheir supportingsomatic cells however experimental evidence has
also shown that pyruvate is taken up from the culture madiuring in vitro follicle culture
(Leese and Barton, 198blarris et al., 200, /Harris et al., 2000 Experimental studies have
shown that pyruvate cesumption from the culture mediby primordial follicles in culture is at

a high levelsuch thatit is 2-fold higher than glucose consumptiqhiarris et al., 2009 This
could be due to the high energy demands of the oocyte at this stage of development, or
indicative of the reduce ability of the somatic cells to provide sufficient pyruvate. Therefore
although it is not essential todal pyruvate to the culture medias it can be provided by the

somatic cells, and/or glucose can be used as an alternative energy source the psclvate
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supplementation may be detrimental to primordial follicle survival. This could partly explain
the decrease in number of primordial follicles observed in tAEC culture system.
Furthermore, when oocyte cellular volume is accounted for, pyruvatesemption by the
oocyte is highest at the primary stage of follicular developmétarris et al., 2000 Authors
suggest that this may be due tbe increased energy requirements as the follicle goes through

this transitory stage.

In addition, pyruvate acts as a free radical scavenger thus it is able to protect against oxidative
damage caused by reactive oxygen species produced as a result aghamtrial energy
production (O'DonneliTormey et al., 198 A/an Blerkm, 2004 Picton and Hemmings, 2013
Therefore although pyruvatesupplementationin the culture meda is not essential evidence
suggests that & inclusiormay provide more optimal culture conditions for follicle growth and
development. This could further explain the decrease in numbers of early stage follicles
observed in theAFCculture system and explain why this occurred to a greater extent than in

the Leeds system.

IGF1

The meda used in all systems except the=Cculture conditions reported hergcontains a
synthetic analoguef IGFX Long R3 IGF1This analogue does not bind to the IGF binding
proteins so remains biologically active vitro. IGF1 las been shown to promote GC
proliferation in small ovine folliclegMonniaux and Pisselet, 1992 However, in bovine
preantral follicle culture Bhough the addition of recombinant human IGF1 and Long R3 IGF1
increased follicle diametethe rates of oocyte degeneration were also increagétomas et

al., 2007. Therefore speciespecific differences may exist and this may somewhat explain the
discrepancies in the results reported for thd-Csystem in this experimental series and by
McLaughlin and Tedf (201Q. The major active IGF species is, however, the same in both cow
and sheep, IGF2, the actions of which are mediated predominantly through ([BFg&rong

et al.,, 2000 Armstrong et al., 2002Monget et al., 2002Silva et al., 2009 It is unclear
whether the inclusion of Long R3 IGF1 had any effect on the promotion of follicular growth in

this experimental series as GC proliteva was not directly measured.
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4.4.2 Tissue peparation

A major difference between the Leeds aAd-Cculture systems is the method of cortical tissue
preparation, sedrigure4.1. Telfer and McLaughlin (2018uggest that by teasing the cortical
tissue apart and cutting thegsue in such a way as to reduce the amount of medulla present
promotes primordial follicle activation, potentially via the reduction in concentration of
inhibitory substances.This hypothesis is not supported by work conductedD®yrar et al.
(2000 in which levels of primordial follicle activation and preantral follicle growth and
development were not affected by the aulture of bowvne cortical slices with medullary slices
or corticomedulary slicesIn the currentexperimental serieshe method of cortical tissue
preparationadvocated byTelfer and McLaughlin (22) appears to have affected the health of
the tissue, as shown by the data presentedFigures4.3, 4.15and 4.16. Thestrategy of
cutting the tissue pieces intequares asutilised in the Leeds and Leedwdified treatments
resulted in the highest rates of viability and integrity of the tissue on @ayf culture
compared tothat observedin the AFCand AFCmodified systems, in which the tissue was cut
into pyramid shapes ahteased apart with needles. It is likely that the increased manipulation
of the tissue caused mechanical damage resulting in higher rates of necrosis in the surrounding

stroma and the follicleBenaglia et al., 2009

As discussed in Chapter 3 maintenamdéghe health and integrity of ovarian stromal tissue
during cortical culture is of great importance to the health of the follicles and their continued
growth and developmen{Knight andGlister, 200% In the previous studieson which the
current AFCsystem was basedstromal health and integrity was not assesqé@elfer et al.,

2008 McLaughlin and Telfer, 2010 Reognition of the importance of the health of stromal
tissue is becoming increasingly evident, however, most of the studies in which the health of
ovarian stromal tissue has been assessed focus on the effects of exposure to CPAs and
cryopreservation(Faustino et al., 201@0skam et al., 201,@skam et al., 201, Maffei et al.,

2013. The latter will be discussed in more detail in Chapter 6. In the current chaptarges

in tissue weight following culture, level of NR staining and histological assessment of stromal
tissue integrity were used as markers of stromal health. Therefore this is the first study to
directly report on the effect of shottierm accelerated cortical culture system on stromal tissue
health. The results of all these parameters indicate that thethmd of cortical tissue
preparation prior to culture in the Leeds system is more optimised with respect to the health
of the stromal tissue than thaFCsystem. Note that the method of tissue preparation was the
same in the Leeds and Leeds modified tneant groups, in which tissue was trimmed into

squares and theAFCand AFCmodified treatment groups, in which tissue was trimmed into
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pyramid shapes and teased apart using needles Ts&d®e4.2). Although changes in tissue
weight following culture were not significant (p>0.05), the fact that tissue weight increased in
the Leals and Leeds modified treatmegtoups indicates some level of stromal and follicular
growth in contrast to the decrease in tissue weight observed in AfCand AFCmodified
treatment groups which indicates some level of degeneration of both cellular compartments
(seeFigure4.3). This hypothesis is supported by the results of NR staining and stromal health
scores following culture in which the score for both parameters was significantly higher in
treatments in whib tissue had been trimmed intsquaresat the start of culture compared to
pyramids (see Figure&15and 4.17). This is not unexpected as the reason for tegsthe
pyramid shaped tissue apart was to reduce the density of the tissue thus reducing the
concentration of inhibitory factors present in the medullary tissue, which has been proposed
to promote global primordial follicle activatioiiTelfer and McLaughlin, 20L2and also
facilitate gas and nutrient penetration into the tissue during culture. In the current chapter,
however, this did noappear to promote follicle activation, growth and survival and was in fact
detrimental to both these processes and stromal health thus resulting in increased levels of
follicle apoptosis and stromal death. When follicle and oocyte diameters were analysed,
however, an increase was observed on day 6 relative to day 0 in all treatment groups,
indicating that they were healthy and able to grow (Jeble4.8). Thereforethe detrimental
effects of teasing the tissue apart are not completely preventing follicle survival and growth.
The development of additional methods of quantifying follicle, oocyte and stromal health
would be helpful to determine the exact effects oktlifferent methods of tissue preparation

(see Sectiod.4.5).

4.4.3 Use of NR dye

In all culture treatments NR staining was used to assess the number of viablesqlietent

in the tissue at the start of culture. The use of this technique ensures that all tissue cultured
contained viable follicles. Following NR incubation ~72% of all tissue pieces stained positively
(data not shown) and tissue that did not stainsitovely was discarded. This result confirms

the utility of NR staining as a crude means of screening viable follicle loading density in ovarian
cortex prior to culture such that follicle depleted tissue can be discarded. However the data
also show that R staining of follicles situ overestimated the number of primordial follicles

and the total number of follicles present in the tissue when compared to the accurate follicle
counts provided following detailed histological analysis of fixed tissue aftarre, as follicle

counts were ~5 and ~10 orders of magnitude lower, respectively. In contrast, the use of NR
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dye lead to an underestimation of the number of growing follicles as the number in fixed tissue
was ~10 orders of magnitude higher than that amted using fresh tissue. This evidence
highlights the importance of examining follicle population dynamics in both fresh tissue and
histologically. Although the results showed that it was difficult to distinguish between
primordial and growing folliclesn fresh NR stained tissue, there was however, always a
positive correlation between the number of follicles recorded following NR staining and
histological analysis. Therefore, the results presented in this chapter are in agreement with
previous studiesn that the use of NR dye facilitates the rapid estimation of the number of
follicles prior to culture so that the follicle rich tissue can be selected for cu{tthambers,
2002 Chambers et al., 201&Kristensen et al., 20)1 The histological examination of the
tissue then enables a more accurate assessment of the follicle population dynamics. The
results presentd in this tapter also show that the use of NR dye does not appear to have any
detrimental effects on the subsequent health and development of follicles and stromal tissue
in vitro, as has been shown in previous studies using both ovinehanthn ovarian tissue

(Chambers, 200Zhambers et al., 201&ristensen et al., 20)1

4.4.4 Use of culturemserts

Use of acultureinsert allows the tissue pieces to remain fuilydrated and coveredith a film

of culture mediawhich facilitates gaseous diffusion and the transfernofrients, growth
factors and gonadotrophinsito and out of the tissuén vitro. Ifan insert is not used the tissue
pieces must sit at the bottom of the culture dish resulting imnircreasedliffusion distance for
gases between the surface of the madind the tissue. Therefore it is more likely that tissue
pieces will experience hyp@ conditions if a culture insert is not used. The process of
pyruvate metabolism requires high lesaf oxygen therefore it is possible that this metabolic
process and subsequently oocyte developmental competence may be compromised in systems
where thetissue is potentially experiencing hypoxic conditigdan Blerkom, 199&8Harris et

al., 2007. This could further explain the decrease in numbers of early stage follicles observed
in the AFCculture system and explain why this occurred to a greater extent than in the Leeds
system. In order to investigate this hyphesisthe expression levels of genes and/or proteins
associated with apoptosis Bax, Bclzand Caspase &€aspp and hypoxia thrombospondin 1
(THBS), Ki67, endothelinsHI)-1 and EF2 could be monitored(Onions et al., 2013 In
addition to assessing gene expression profiles ttewasine whether the tissue encountered
hypoxic conditions the levels of metabolites in spent culture raedhllected following

perfusion could be measured. An enzyifimked ultramicrofluorescence assay has previously
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been used to assess the consumptiordaor production of glucose, pyruvate and lactate by
murine oocytes and embrygseese and Barton, 198Hlarris et al., 2008Harris et al., 209).

This method could be developed to assess the levels of metabatitepent medion days 0,

2, 5 and 8 of culture using each of the culture treatmenithe level of LDH, a cytoplasmic
enzyme, in spent culture memitan be used as a measure of cell damage as LDH present in the
cell cytoplasm will be released into theagtia upon damage to the cell membrariPecker and
LohmannMatthes, 1988 Koukourakis et al., 2003 Therefore LDH assays could also be used

to compare the levels of damage caused by the various culture treatments.

445 Future work

In order to extend thistady it would be interesting tase a wider variety of markers to assess
both follicle and stromal hddén and normality. For exampléhe process of assaying for the
production of steroid hormone, such as oestradiol and progesterone has previously been
used to assess the health and normality of ovine, bovine, porcine and human f¢Meleton

et al., 1999bMcCaffery et al., 20Q@ktay, 200). Similarly assaying for the levalbpeptides,

such as MMPs and TIMPs, in the spent médringin vitro culture of bovine follicles haseen

used to assess normaliffelfer et al., 200D In addition levels of AMH in the spent madi
could be used to assess the number of growing follicles in cortical tissue during ¢ielsey

et al., 2011 Nelson et al., 20LMorganet al., 2012. Additionally, levels of steroid hormones,
such as progesterone and factors such as interletikind prolactin in the FF can be indicative

of oocyte developmental competencéMendoza et al., 1999 Therefore it would be
interesting to repeat this experimental series and assess the levels of key steroid hormones
and peptides to determine whether theulture systems used have an effect on these
parameters. The level of thymidine incorporation is often used as a marker of somatic cell
proliferation (Oktay et al., 1995 it would be interesting to assess TUNEL staining to determine
which culture system is optimal for somatic cell proliferation. Similarly immunohistochemical
assessment oPCNA or K7, whichare both markers of early follicle growth, could be used

(Oktay et al., 1996

In future studies it would lao be interesting and informative to assess ovarian tissue, follicle
and oocyte quality using markers of apoptosis. For example, the use TUNEL is common,
however, is better used in combination with other apoptotic markers as this method detects
DNA fragnentation, which is not solely observed in apoptotic nu¢iijino et al., 1998<ockx

et al., 1998. Assessmentfahe expression of apoptotic genes, such as-aptptotic BCR
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and proapoptotic BAXand FASand its ligand,FASLIGANDcan also be used to determine
oocyte normality(Liu et al., 200D Another hallmark of apoptosis is the translocation of
phosphotidylserine from the inner to the outer layer of the cell membrane and this can be
detected using annexin V stainifigan Engeland et al., 1998 Fluorescence analysis of pro
apoptotic caspase activity can also bsed as an apoptotic marker in oocyt@erez et al.,
1999. Assessment of the levels of palgénosine diphosphatebose) poymerasel (PARP)
cleavage, a process indicative of apoptotic cell death in response to major breaks in DNA
detected in cells, have previously been used to examine the effects of chemotherapeutic
agents, such as cisplatin, on ovarian tissue via proteirmetitm and western blotting methods
(Morgan et al., 2018

The vast majority of research conducted regarding the development of IVG culture systems has
focussed on the health and survival of follicles and oociytestro. Recent work conductelaly
Morgan et al. (2018 however, has highlighted the importance of determining the mechanisms
by which follicle loss occuiis vitro. Potential mechanisms of follicle loss include damage,
induced by the culture conditions, to thetle¢r the oocyte alone or to the follicular somatic
cells and subsequently the oocyte, resulting in follicular atr@diargan et al., 201R It is also
possible that damage to the ovarian stroma could result in follicle loss, therefore the current
study could be extended by investigating this possibility. Follicle loss may also occur as a result
of the induction of atresia in all classes of follicles, in primarily primordial follicles or
alternatively primarily in growing follicles thus resulting in increased levels of primordial follicle
activation in response to decreasing levels of inhibitory factelsased by growing follicles,

such as AMHMorgan et al., 2012Morgan et al., 2018 Follicle loss in ovarian tissue can be
induced by follicle culture, asevidenced in the current chapter, by exposure to
chemotherapeutic drugs, such as cisplai@unson, 2009Morgan et al., 2018and by ovary
perfusion and cryopreservation protocols, as evidenced in Chapter 6. It is unlikely that the
same mechanisms of follicle loss are operatinthase incidences. In order to determine the
mechanisms of follicle lossevels of apoptosis and the specific cell types as well follicle
classifications affected must be identified. In order to determine the different mechanisms of
follicle loss operating in murine ovarian tissue as a result of exposure to chemotherapeutic
agents cisplatin and doxocyclMorgan et al. (201Bassessed levels of apoptosis in folliadés
different stages using TUNEL staining and assessing levels of PARP cleavage. This revealed that
primordial follicle loss occurred as asult of damage to and subsequent loss of growing
follicles thus inducing an increase in primordial follicle activation. It would be interesting to

use these techniques to compare the mechanisms of follicle loss exhibited in response the use
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of the AFCand Leeds systems. This study could be further extended by using similar methods
assessing the levels of apoptosis exhibited by the stromal tissue in order to determine whether
this was having a major effect on follicle los&unson (200P developed and validated
methods of isolating stromal tissue then assessing levels of damage in response to cisplatin
exposure via the histological assessment of the tissue to determine the level of TUNEL staining
as well as the heel of LDH production in culture. In order to ensure the stromal tissue was not
contaminated with ovarian surface epithelium antibodies specific to vimentin and cytokeratin,
expressed by the stroma and ovarian surface epithelium, respectively, wereiusstl In

order to further investigate the effects of stromal health it would be useful to indentify factors
expressed solely by the ovarian stromal cells. For example, the expression of Sialic acid
binding Immunoglobulin Superfamily Lectin (SigleEthy human ovarian stromal cells has
been detected and identified as a regulator of the expression levels of cytokirésnidi-10,

TGF YR Itbdt 2F ¢gKAOK | NB A YL} Marggtal., 20813 dzf | § 2 N&
Therefore the expression levels of Sigldccould be used as a marker for the health and
normality of stromal tissuein vitro when cultured using e Leeds andAFC systems.
Unfortunately, Sigled1l expression was not detected when ovarian tissue was put into
culture, however, it is possible that it would be detected using a different culture system or
species. The identification of various markers stromal normality is essential for the

assessment of stromal health and the effect of follicle survival.

Alternatively levels of expression of genes encoding key oocyte and somatic cell specific
proteins could be analysed. In order to achieve this, normal patterns of gene expréssion
vivowould need to be established to which the patterns obserireditro could be compared.
Similarly analysis of the levels of expression of key imprinted genes encoding pibiztins
have beenimplicated as regulators of folliculogenesis, oogenesis and embryogenesis as well
genes encoding enzymes responsible for the esthbient and maintenance of the
methylation patterns of imprinted genes, would be a useful method of examining whether
folliculogenesis and oogenesis are progressing normiallyitro. In Chapter 5 patterns of
normal gene expressiom vivo are establishecand compared to those observed in follicles
derived from the longerm, physiological cortical culture system and isolated preantral follicle
culture system described in Chapter 3. In the future it would be useful to perform the same
analyses to determingvhether follicles derived from a shereérm cortical culture system are

displaying normal patterns of gene expression.

.
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4.5 Conclusion

The resultsreported inthis experimental series show that it is possible to activate and grow
ovine primordial folliclesn vitro up to the primary stage using the Leeds cortical culture
systemin the shortterm. However, the yield of growing follicles after 6 days of culture using
the Leeds culture system was very low, @&Q.09 follicleper mg tissue cultured for 6 culture
repeats. Furthermorepver this timeframefollicles only reached the primary stagef
development As was shown in Chapter i vitro-derived primary follicles were not
competent to develop to the EA stage in isolated culture. Therefore when the sheepd as

a model specieshort-term accelerated growth systems, such as &ieCsystem tested here
are suboptimal for the activation and sustained growth of healthy follicles wherdas
term, more physiological, gentle growth environment better sagp growth activation and

the needs of growing oocytes and somatic cell division duwamtical culture.
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5 Comparison of the Expression Patterns of Keyen@s Implicated in the
Regulation of Folliculogenesis, Oogenesis, and Imprint Establishment and

Maintenance in Ovine Follicles and Oocytes GrolmrVivoand In Vitro.

5.1 Introduction

The development omultiphaseculture systems that enable theompletein vitro growth and
maturation of oocyteswould be hugely beneficial with respect to developimgthods of
fertility preservationand restoration As discagsed in Chapter 1 although tH¥G, IVM and
subsequentVFof oocyteshas successfully resulted in the birth eklioffspring in rodents, the
resultant offspring exhibited health problen{Eppig and O'Brien, 1986 Therefore prior to
use in humans it is vital tham vitro-derived oocytes are tested fanarkers of normalitythat
reflect gamete health and developmental competence and confirm the safety of the
technology In addition testing for normality during @cyte developmentin vitro may

facilitate further improvement of the culture conditions.

Chapter 3 documemtthe development oftep 1 of a multstep culture strategy and recorded

the development and testing of a loAgrm, cortical culture system thatupported the
activation and development of primordial follicles and facilitated thevitro-derivation of
primary, transitional and secondary follicles. The health of oocytes, follicles and stromal tissue
was assessed both in fresh tissue and histoldigicdn fresh tissue NR staining, tissue weight
and follicle population dynamics before and after culture were used as preliminary indicators
of normal developmenin vitro. Follicle and oocyte diameter as well as follicle population
dynamics relative tan vivederived controls at time Qvere used as histological indices of
normality. Additionally, stromal health was assessed histologically. sfBipel longterm in

situ cortex cultures generateih vitro-derived secondary follicles which could be issthand
cultured in the secondtep system up to the EA stage. The health of the oocytes and follicles
generated insteps 1 and 2 were analysed during culture using NR viability staining, by
morphological assessment with respect to the presence of ardfal @avity and oocyte colour
(dark patches indicating necrosis), and growth and somatic cell proliferation were quantified
via the measurement of follicle and oocyte diameter. In the current chapter the health of the
in vitro-derived primary, transitioal, secondary and EA follicles documented and archived in
Chapter 3 as well as GV and MIl oocytes and somatic CCs will be evaluated in greater depth by

the analysis of molecular markers of normality relative to stage matdhedivederived
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controls. Theexpressiorpatterns of keygenesimplicated in the regulation of folliculogenesis,
oogenesis, embryogenesis and imprint establishment and maintenance wilisbd to
investigate thenormality of in vitro-derived samplesGenes encodinggy oocyte and sanatic
cellspecific proteins will also be considered. The third group of genes to be investigated
include key imprinted genes encoding proteite&t have beenimplicated as regulators of
folliculogenesis, oogenesis and embryogenesis as well genes eneodiyges responsible for
the establishment and maintenance of the methylation patterns of imprinted gen&éhe
expression patterns of sona the candidategeneshavepreviouslybeen establishedh vivoin

ovine follicles and oocytes as will be discussed in detail below

GCommonly used markers of normaliip vitro include assaying for the production dfteroid
hormones, such as E2 and Pand peptides such as MMPs and TIMPs in the spent medi
(Newton et al., 1999hMcCaffery et al., 20Q0’elfer et al., 2000 Additionally, levels of steroid
hormones, such as P4 and factors suchlsak and prolactin in the FF can be indicative of
oocyte developmental competence (Mendoza et al.,, 1999 The level of thymidine
incorporation is often used as a marker of somatic cell proliferafOktay et al., 1996
Tissue, follicle and oocyte quality can alscassessed using markers of apoptosis. The use of
TUNEL is common, however, is better used in combination whlrcapoptotic markers as
this method detects DNA fragmentation, which is not solely observed in apoptotic nuclei
(Fujino et al., 199&Kockx et al., 1998 Assessment of the expression of apoptotic genes, such
as antiapoptotic BCR and proapoptotic BAXand FASand its ligandFASLIGANTan also be
used to determine oocyte normalitftiu et al., 200D Another hallmark of apoptosis is the
translocation of phosphotidylserine from the inner to the outer layer of the cell membrane
and this can be detected using annexin V stairfvign Engeland et al., 1998 Fluorescence
analysis of preapoptotic capase activity can also be used as an apoptotic marker in oocytes
(Perez et al., 1999

As discussed in Chapter 1 a number afd#&s have investigated the impact of IVG on gene
expression, the results of which have shown that culture conditions can affect the expression
of important regulatory geneéSanchez et al., 2009anchez et al., 2018anchez et al2011,

Jiao and Woodruff, 2033
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5.1.1 Somatic celspecific genes

The expression patterns of 8 primarily somatic-spkcific gnes thought to be important in
oogenesis and folliculogenegiave beerdetermined throughout ovine follicular development
in vitroandin viva The justifications for selecting these genes as candidates for developmental

normality analysis are detailecelow.

The GG@lerived factor AMH, exerts an inhibitory effect on follicle development via its
autocrine and paracrine actions on GCs and TCs, respectifdiH is epressed from the
primary to the antral stage in mice, sheep and huméeszard et al., 198 Durlinger et al.,

1999 Weenen et al., 2008onnet et al., 2011 The inhibitory effects of AMH have been well
characterized in rodents with respect to the inhibition of follicle activation via suppression

the expression ofjenes encodingtimulatory factors(Durlinger et al., 1999Weenen et al.,

2004). Additionally AMH decreases the sensitivity of antrallifdes to FSH thus weakening the
32y I R2 i NeHecoK Alry cofrastin sheep AMH does not appear tinhibit primordial

follicle recruitment but ratherthe inhibtory effects of AMH are observed at later stages of
follicle development with respect to the desensitisation of GCs and TCs to FSH and LH,

respectively(Campbell et al., 2032

The actions of FSH are mediated througttrinsmembrane receptor, FSHR, expressed by GCs
(Meduri et al., 2008 The FSHR is ap@tein coupled receptofMeduri et al., 2008 Binding

of FSH to its receptor promotes follicular development and the dependence on FSH for the
continued development of antral follicles has been demonstrated in si{€ampbell et al.,
1999. Expression of the FSHR has been detected from the prifoiicye stageonwardsin
sheep(Tisdall et al., 1995

One of the aims of thexperimens in this chaptemwasto investigate the expression patterns
of inhibins, activins and activin inhibr ¢ follistatin (FST)during ovine folliculogessis.

Studying the expression patterns of inhibins and activins is complex as these proteins are each

composed of two subunit§vale et al., 1988 LYKAGAY ! YR . INB O2
FYR F i1 2NJ . &dodzyAds NBALSOGAOSted 2 KSI
FOGAGAY | 61 1i10s IAYGAGAG i . 06B ! i CdeNI K RNM 20N

subunits determines expression patterns and association of sub(fiteenos et al., 2007

The subunits comprising activin and inhibin as welF&%are expressed by GCs and act upon
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the oocyte, GC and TC. With respect to expression patterns in sRBEmRNA has been

detected in GCs of preantral and antral folliclk® CL and the prevulatory follicle, but at a

reduced level in the latte(Tisdall et al., 1994 2 KSNBIF& h | yRasbeén adzodzy Al Y
detected only in antral follicles. &xpression of these subunits in sheep forms inhibin A.

Inhibin A production by the dominant follicle inhibits FSH release thus inhibiting the continued

development of the subordinate follicles, as evidenced by dysto which the ablation of the

dominant follicle lead to an acute decrease in inhibin A and a subsequent increase in FSH

levels(Evans et al., 2002 As inhibin B has not been detected in ovine FF the expression of the

inhibin subunits in this experimental series will indicate the levels of inhibin A, activinl A an

activin B expressiofMcNeilly et al., 2002 Briefly activins in humans and rodentt to:

increase GC proliferation and FSHR expression in fdretimtral and antral foitles;increase

LHR expressigrand to decrease both FSstimulated E2 and inhibin A production and LH

stimulated androgen production in antral follicl@énight et al., 2012 In contrastthe role of

inhibin is to promote androgen production indirectly, via the suppression of activin action

(Knight et al., 2012 Similarlyin sheep activin inhibits androgen production, whereas inhibin

promotes it via inhibition of activin actiofyoung et al., 2012 Follistatin blocks the actions of

activin with respect to the inhibition ofindrogen production. As follicle development
LINEINBa&dSa Ay KdzYrya FyR NRRSydGa GKS NIXdiAz 2F h &
the concentrations o&ctivin relative to inhibin ikigher in earlier stage follicles than in larger,

antral folicles. Thiss thought toprevent production of androgens in smaller follicles that may

lead to premature differentiation of somatic celfgnight et al., 2012 In thischapterthe
SELINB&a&aAzy LI GGSNY 2F GKS hx i1 | yR i . &dzodzyAia
development. Determination of the expression pattern of activin is of particular interest as it

has been gedas a media supplemernih a number of follicle culture systems ahds been

shown to promotefollicle growth in vitro in bovine and human, see ChaptefThomas et al.,

2003 McLaughlin et al., 2a@).

The expression patterns d¢6GFland its receptor|GF1Rn ovine follicles wereselected for
analyss in this chapter The binding of F@erived IGF1 to its receptor on follicular somatic
cells promotes follicle development via the promotion of somatic cell proliferation and GC
differentiation, with respect toFSHRexpression(see Chapter 1jPerks et al., 1999vonget

and Bondy, 2000 The exact expression patterns of IGF1 anddtgatereceptorin the early
stages of preantral follicle developmeate yet to be elucidated as most research conducted

has been concerning only the later stages of development, wiliclEs smaller than -2mm
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grouped together(Perks et al., 1995Spicer et al., 1995Monget and Bondy, 2000 The
activity and bioavailability of both IGF1 and IGF2 are regulated by |I@#8Rset et al., 1998

5.1.2 Oocytespecific genes

As detailed in Chapter 1 oocy€C interactions are of vital importance to the continued
growth and development of germ cell Although previously thought to play a passive role in
its own developmentincreasing information is emergirthat supportsiit KS 22 02 1 SQa
regulating its own microenvironment and therefore its own development. Numerous studies
have been conductd into the role of 3 important oocytederived growth factors: GDF9,
BMP15 and BMP6. Briefly the role of these factors is to regulate the differentiation and
proliferation of the somatic cells to ensutkat this occurs at a rat¢hat complimentsoocyte
growth and so ensures that the gameig able tomature and achieve competence. Much
research has been conducted annumber ofspecies concerning the roles of these growth
factors, however, speciespecific differences have been highlighted thus hinderthg
elucidation of the exact roleflin et al.,, 2012Rouhollahi Varnosfaderani et al., 2013To
summarise, in sheep bot8DF%nd BMP6are expressethy oocytedrom the primordial stage

and throughout antral follicle development, whereB81P15expression starts at the primary

stage and progresses until ovulation.

Briefly GDF9, BMP15 and BMP6 promote GC proliferation and regulate GC differenitiation
the mouse, pig, cow sheep and hum@olonna and Mangia, 1988anderhyden et al., 1992
Joyce et al., 20Q@tsuka et al., 20Q0/itt et al., 20000tsuka et al., 200 Gilchrist et al., 2004
Dragovic et al., 20Q%Hussein et al., 20Q055ugiura et al., 2005Thomas and Vanderhyden,
2006 Gilchrist et al., 2008u et al., 20085u et al., 2000 In sheep GDF9, BMP15 and possibly

to a lesseextent BMP6 have mitogenic effects on GCs. Unlike in rodents, in which GDF9 alone
is sufficient, both GDF9 and BMP15 are required to promote GC proliferation in sheep, as
evidenced by the level of thyidine incorporation(Lin et al., 201R It is interesting to note

that GDF9 derived from rodents is sufficient to increase thymidine incorporation in ovine GCs
whereas ovine GDF9 is not. Conflicting evidence exists regarding the mitogenic effects of
BMP6. Ina study conducted byuengel et al. (2008BMP6 did not appear to promote GC
proliferation. The authors, however, suggested that this might be due to the timing, culture
length or conditions and highlight the fact that localization of BMP6 suggests that this factor
does play a mitogenic role.uhermore, in a study conducted yampbell et al. (200BMP6

did appear to have a mildly mitogenic effect on GCs.
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In mice GDF9 has been shown tomote CC mucification and expansion, however, in a recent
study exogenous GDF9 did not affect the expression of genes, sudA®&inked to the
aforementioned processg®Rouhollahi Varnosfaderani et al., 2013Nor vas theexpression of
apoptotic genes greatly affected by the addition of exogenous GDF9. Authors suggest that
although GDF9 may play a minor role in these processes it is likely that other factors, such as
BMP15, play a more important role. ked in a recent study ewes were immunized against
BMP15resulting inincreased levels of cAMP, which were associated with increased levels of
CC luteinisation, suggesting that BMP15 inhibits CC luteinigduengel et al., 20)1

Oocytederived factors GDF9 and BMiP6sheepregulate GC differentiation with respect to
the production of steroid hormones and inhibin. Ovine GDF9 has been shown to both inhibit
the FSHstimulated production oP4andto stimulate inhibinA produdion by GC¢McNatty et

al., 2005. Whereas ovine BMP15, either alone or in combination with GDF9, did not Bffect

or inhibin production by GO#cNatty et al., 200b The mechanism of BMP6 action on GC
differentiation has not been fully elucidated in sheep. That fact that BMP6 regulates follicle
development has been evidenced by its regulation @fr@an steroid hormons, A4, P4andE2

and inhibin A production. In sheep BMP6 inhiBitsproduction but promote€2and inhibin A
production by GCg&Juengel et al., 2008Campbell et al., 2009 The effect of BMP6 oA4
production by TCis dosedependent and istimulatory at low concentrations but inhibitory at
high concentrationgCampbell et al., 200%Webb and Campbell, 2006 The promotion oA4
production at low BMP6 levels magcurvia the promotion of TC proliferation, thus increasing
the number of cells producing this hormone. It is also important to note that the effects of
BMP6 on the production oE2 A4 and inhibin A are transitoryCampbell et al., 2009 In
addition, the actions of BMP6 are also dependent upon the concentrations of V@t

respect to the promotion of the differentiative actions of F@¥bb and Campbell, 2006

The transcription factoFOX0O3s expressed by the oocytes of primordial and primary stage
follicles in micqCastrillon et al., 2003 Less information existegarding the exact expression
patterns of FOXQOin sheep and pigs however, it has been shown to be expressed by the
oocytes of preantral follicles in both speci@aillet et al., 2008Dinget al., 2010. As FOXO is

an inhibitor of primordial follicle dwation elucidation of its expression patterns in ovine
follicles bothin vivoand in vitro may indicate why higher levels of follicular activation are
observedfollowing cortical culture(Liu and Lehmann, 2006 Expression oflGTSFIn human

ovine, bovineand murineoocyteshasbeen detected throughout oogenesiswith the highest
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levels of expression isecondaryGV oocyte(Krotz et al., 2009Lu ¢ al., 2009 Liperis et al.,

2013 Liperis, 2011 Thelocalization of GTSF1 has implicated it as a potential regulator of
oogenesis and folliculogenesifn contrast to male muring&tsfl mutants which are infertile,

the fertility of female mutants does not seem to be affect€doshimura et al., 2009
Knockdown ofGTSFlin ovine oocytes however, resulted in thgenes associated with
processes such as pesanslational modification and cytoskeleton organisation being down
regulated, which led authors to conclude th@TSFY | @ 06 S Ay @ Zrangc8pRonal y WL
control of RNA processing, translational reguldtio I Y R wb ! (Lip&ri§ &t Nl:, 2B,

Liperis, 2014

The composition of the ZP has been well characterized anger of species including human
and mouse (Wassarman, 1988Lefievre et al., 2004Gupta and Bhandari, 2010 Zona
pellucida formation occurs at the primastage in mice and humar&amboni, 1974Epifano

et al., 1993, see Chapter 1 for the composition and expression patterns of the ZP proteins.
Information regardig the composition of the ovine ZP is however, scarce. Therefore the
expression patterns of ZP proteins by the ovine oocyte argabfe as an index of oocyte

development

5.1.3 Imprinted genesand the regulation of epigenetic modifications

The expression of iprinted genes is regulated by epigenetic modifications to the DQIA,
2006. The establishment of these modifications occurs during gagemesis and following
fertilisation. Therefore determining thi vivoexpression patterns of imprinted genes known
to be important for oogenesis and folliagenesis and comparing these to patterns observed
in follicles derivedn vitrois of particular interest as there are concelaéscussed in Chapter
1) that longterm culture and/orthe use of IV@nd micromanipulatiortechniques could result
in epigenett disruption(Amor and Halliday, 2008 One form of epigenetic modification is the
methylation of cytosine residuefReik et al., 2001 The establishment and maintenance of
DNA methydtion requires DNA methyltransferasg®NMTSs) therefore the expression
patterns of2 forms of these key enzymes identified in sheep will also be anglide¢sTland

its splice varianDNMT1(12h) DNA methyltransferase 1 (DNMT1) was first detected in.ritice
was found to maintain methylation patterns in hemimethylated regioasd alsoto exhibit
somede novoactivity (Goll and Bestor, 2005 Disruption oDNMT lexpression in the mouse
has lead toH19expression by both alleles an@F2and IGF2Rexpression by neither allel.i

et al., 1993 The expression patterns 6f19 IGF2and IGF2Rwill also be analysed in this
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chapter. An oocytespecific form,DNMTowas identified in mice and found to be vital for
embryogenesis. Similarly both somat@nd oocytespecific forms ofDNMT1have been
identified in humangBestor, 2000Hayward et al., 2003 In the porcine model DNMT1L
isoforms have been identified DNMT1ol, DNTMT1lo2nd DNMT1s all of which are
expressed by the oocyte, but onBNMTsis expressed by somatic ce{Siraldo et al., 2013

In the ovine model twdDNMT1isoforms DNMT1sand DNMT1(12b)have been identified,
both of which are expressed by somatic cells and oocytes, unlike that observed in humans and
mice (Taylor et al., 2009 Disruption oDNMT1(12b)a splice variant oONMT1 caused arrest

of embryonic developmenthus indicatinghat it is likely to behe main isoform presenivhich

is required to maintain methylation patterns. In additiomigher levels oDNMT1(12b)vere
detected in GV oocytes thaat later embryonic stages. This led authors to conclude that
DNMT1(12b)s the main DNMT1soform in the oocyte, therefore from here on in it will be
referred to asDNMT1o One of the aims of this experimental series is to determine the
expression pattens of ovineDNMTX and DNMT1othroughout follicle developmenin vivo

andin vitro.

As alterations to the methylation status of imprinted genes can be caused by ARTs and the fact
that imprints are established during gametogenesis suggests that the usk/®f may
potentially alter oocytemethylation patterns and therefore the expression of imprinted genes
see Chapter 1 Differences in expression levels of impringshesbetweenin vivoandin vitro
derived oocytes may indicate aberrations in methylation patterns. The expression patterns of
paternally imprintedH19 and IGF2R and maternally imprintedMESTand IGF2during ovine

folliculogenesis weréherefore analysed.

Alterations in the methylatin status of these 4 imprinted genes have been associated in
epigenetic disorders SRS and BWS as well as male sub/infe@hipter 1land Chang et al.
(20095. The use of mouse models has enabled the elucidatighrofesfor H19 It is both a
tumour syppressor gene and a regulator of the expression of other imprinted genes, including
IGF2and its receptor(Gabory et al., 2000 The methylation statiof a DMR betweelGF2
andH19determines which gene is expressed on that allele, as both use the same set of tissue
specific enhancers and the genes atleerefore co-ordinately transcribed throughout
embryonic development. In the maternal allele the DNtRdemethylated therefore the
enhancers favour the expression BfL9 over IGF2(Cerrato et al., 2008 The methylation

status of the DMR is established duringgenesis. Binding of IGF2 to its receptor elicits a
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response required for normal fetal growtfDbata et al., 1998 The actions of IGF2 are
reviewed in detail in Chapter 1. Briefly IGF2 stimulates mitosis, DNA synthesis, steroidogenesis

in GCs and TCs and nuclear maturation of the oocyte.

5.1.4 Aims

The first aim of this experimental series was therefore to map the normal expression patterns
of key genes implicated in the regulation of folliculogenesis, oogenesis, embryogenesis and
imprinting establishment and maintenance in ovine follicles and oscgr@wnin viva This

work established the normal pattern of gene expression as a marker of oocyte and follicle
developmentin vivo which could be used as a bench mark for gene expression following
growth in vitro. Secondly, the expression patterns oé tbame genes were investigatediim
vitro-derived follicle somatic cells and oocyte samples in order to determine the impact of
extended serurdfree culture on gene expression. The third aim of the experiment was to
directly compare stageatchedin vive and in vitro-derived samples to determine whether

the in vitro growth of oocytes lead to changes in gene expression, within specific follicle
classifications. The IVd&rived follicles and oocytes analysed here were archived from the

studies reported irChapter 3.

5.2 Materialsand Methods

This experimental series was conducted to comphreexpression patterns of genes key to
oocyte and follicle growthdevelopmentand healthin in viva andin vitro-derived folliclesand
oocytes A summary of the clasisiéitions of follicles analysed is showriTable5.1. It was not
possible to obtainn vive andin vitro-derivedcounterparts for all follicle classifications stedi

as the starting point for all the proposed studies weire vivoderived primordial follicles.
Similarly,MIl oocytes anccumuluscellswere obtained following 24 hours of maturatian
vitro. No in vivaderived MIl oocytes were available for studyhein vitro-derived primary,
transitional and secondary follicles refer to follicles isolated following-teng (1623 day)
cortical cultureas detailed in Chapter.3The term secondary degenerating refers to follicles
that were isolated from fresh t&ie then put into isolated preantral follicle culture where they
then started to degenerat@s evidenced by either a decrease in diameter or no increase in
diameter after 3 consecutive media changes, as described in Chapteardyantral follicles

were derivedin vitrofrom in vivaderived secondary follicless detailed in Chapter. 3
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Table5.1 A summary ofin vive and in vitro-derived samples analysed in this experimental
series. The total number of ocytes and follicles used and the number of cells pooled per
sample is shown. With respect to the number of CC samples this refers to the number of COCs
from which samples were obtained. Samples which could not be obtained are denoted. using

FollicleClassification In vivo- derived In vitro- derived
Total | Number per sample | Total | Number per sample
(Number of replicate (Number of replicate
samples/stage) samples/stage)
Primordial 120 40(3) - -
Primary 40 10(4) 24 10,10, 4(3)
Transitional 20 5(4) 24 10,55,4 (4)
Secondary 40 10(4) 17 10,5, 1, 14)
Secondary degeneratin| - - 21 9,5, 4, 34)
Whole EA follicle 4 1(4) 4 1(4)
GV Oocyte 12 3(4) X X
GV CC 12 3(4) X X
MIl Oocyte X X 20 5
MIl CC X X 4 1
(b)
Layer of pre-warmed Layer of pre-warmed
mineral oil covering mineral oil covering
FIM (~2.5 ml) IVM medium (~2.5 ml}
@ tZr(it:Lzl:feigto which COCs are . 20pl IVM medium in which COCs

are cultured

2 20ul FIM in which oocytes are
denuded

20ul FIM in which denuded oocytes
@ and counterpart CCs are washed

Figure5.1 A diagrammaticepresentation of the setip of theplates used(a) todenude COCs
from GVand MIl oocytesind (b) for IVM All media in the plates was pwarmed to 37°C and
pre-gassed. In plate (a) ¢hCOCs were firstansferred to an outerdrop and rinsed in fresh
medium, then transferred to a secorttop in which a Flexipet with a 130um tip attached was
used to denude the oocyte, by repeatedly pipetting until all somatic cells had been removed.
Denuded oocytes andanterparts were then washed a further 3 times in the central wells.



187
5.2.1 Collection of samples for molecular analysis

All in vivo-grown, preantral éllicle isolations were carried out in prearmed FIM (37C), as
described in Chapter 3e&tion 3.2.2, with care being taken to remove all stromal tissue. In
order to obtain denudedsVoocytes and their CC counterparts@lneedles attached to 5ml
syringe where used to trim GCs from the EA follicle. Follicles were then transferred toea steril

Petri dish, set up as shownhiigure5.1 (a), denuded and washed.

5.2.2 In vitro-maturation of oocytes

GV oocytesin vitro-derived MIl oocytes antheir counterpartunexpanded and expandeciCs
respectivelywere obtained as follows. Ovaries were obtained as describ&elitions 2.1 and
2.2. Ovaries were trafierred to prewarmed FIM (seeppendix I). All processing of the tissue
was carried out under laminar floesonditions and on a heated stage (8j. Antral folliclesf
approximately 2smm diameterwere aspirated using a sterile 20ml syringe dréfsneedle.
The entire contents of the aspirate, i.e. the cumubgryte complexes (COCs) and follicular
fluid, wastransferred to a sterile 90mrietri dish In order to obtain the GV and counterpart

GVCC samples ~28D ovaries were used per collection, for 4 replicate collections.

Table5.2 Composition of IVM cultug meda. The volumes required to make a 10ml solution
are shown, with the stock and final concentratioms detailed The solution was filtered and
stored for up to 1 week. Ses&ppendix | for details of the preparation tiie basal culture
media and additivestocks

Volume Stock Final
Additive o>f o0 Concentration Concentration

Basal culture medi(seeAppendix I) 9.768ml

Bovine holetransferrin 10 5 mgmt* p >8yt
Sodium Pyruvate 100 47mM 0.47mM
Sodium Selenite 1 pn>3Yt S5Sngmt
L-glutamine 100 200mM 2mM
Bovinelnsulin 10 mMmn>3Yf 10ngmt
HumanLongR3 IGA 1 MAan>3Yft 10ngmt
Ovine FSH 5 2iuml™ 0.00LiUmI™*
Ovine LH 5 2iUml™* 0.00LiUmI™*

For thein vitro-derived MIl oocyteshis was repeated for ~380 ovariesper IVM culture for 2

replicate cultures Cumulusoocyte complexes with homogenous cytoplasm andl [ayers of
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cumulus cells were selected and transferred to -well Nunc dish containing fresh, pre
warmed FIM, before being washed a third time in fretf.FFinally COCs were transferred to
a second4-well dish containingd p nof fre-warmed and gasseth vitro-maturation (IVM)

mediumper COCthe composition of which is shownTrable5.2.

A 90mm PRetri dish was setip asshownin Figure5.1(b). Five COCs were added to each 20l
drop of IVMmedia. Plates were transferred to an incubator set at 38.6or 2224 hours.
Following this incubation period COCs were transferred ateglset up as showin Figure5.1

(a). In the first well needles (&) were used to trim CCs from the oocyte. The oocytes were
then transferred to a separate 90m#fetri dish containing 20l drops of psgarmed (37C)
80IUmI* hyaluronidase (seedppendix lll) overlaid with prewarmed mineral oil, using a
Flexipet witha 140um tip attached. The COCs were pipéttgp and down 510 times for a
maximum of 60 seconds t@move all CCs. The fully denuded oocyte was then transferred to
the second well on the original platé-igure5.1). The oocytes were then examined to
establish thé@ meiotic stage, which was indicated by the presence or absence of a polar body.
If a polar body wasbservedthe oocyte and counterpart CCs were used for molecular analysis.
Following isolation, and if relevant, denudation samples were washed 3 tmgszf 6 SO02 Qa
PBYGibc® 14196136, Invitrogen)snap frozen using liquid nitrogen in 10l lysigfér (see
Appendix ), in thirwalled ppendorf tubes, then stored aB0°C until analysed.

5.2.3 Gene specific primer design

The National Centre for Biotechnolpdnformation website Http://www.ncbi.nlm.nih.gov))

was used to obtain sequence information required to design gene specific primers. A search
for the mRNA sequence information of each gene of interessifi@epwas carried out, which
could then be sed to design primers within an appropriatdding region. If sequence
information for a particular gene of interest did not exist &treep the information for bovine,
human or mouse was useds appropriate Primeas pairs of around 2®ase pairs l{p) in

length, as this length is sufficient to ensure only the target gene is amplified due to the level of
homology,were selected manually to ensure similar annealing temperatures. Primer pairs

were then ordered from Ivitrogen Ltd kttp://www.lifetechnologies.com/uk/en/home.htm).

The 3 housekeeping geneselected, sedable5.3 were asrecommended byO'Connor et al.
(2012 to ensure accurate relative quantification of transcript abundancen ovine

oocytedfollicles. The housekeeping genes were glyceraldeh§gosphate dehydrogenase


http://www.ncbi.nlm.nih.gov/
http://www.lifetechnologies.com/uk/en/home.html
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(GAPDHW tyrosine 3monooxygenase/ tryptophan-Bonooxygenase activation protein, zeta
polypeptide YWHAY and histone? alphaH2A (Wl R2 Y A 6 SN\ygard &t &l.X2007 1 n n

Table5.3 Real timehousekeepingrimer sequences

Gene Primer sequence Size (base pairs) Referencé
Species
GAPDH CY pQ ¢D!'¢e¢/ /V /] [|93 AF030943
wY pQ /D/¢// ¢DD! ! (ovine)
H2A CY pQ D! D¢! DD/ DD/|109 AY074805
wY pQ DD! D¢/ / ¢¢/ / (ovine)
YWHAZ CY pQ!/ ¢DDD¢/ ¢DD/|98 NM_00126788
WY pQe¢DD/ ¢¢/ ! ¢/ ! ! 7.1 (ovine)

Table5.4 Real time somatic cedipecific gene primesequences

Gene Primer sequence Size (base pairs] Referencé
Species
AMH CY pQ ¢DD¢D/ ¢D/ ¢D|99 NM173890
wY pQ D!/ 1 DD/ ¢D! ¢ (bovine)
FSHR CY pQ /! DD!/! D/ !|188 NM1009289
wY pQ DD/! DD¢¢DD! (ovine)
IGF1 CY pQD! ¢D¢! / ¢D¢D/|120 NM_00100977
WY pQD/ '/ ¢/ /] ¢/ ¢D 4.3 (ovine)
IGF1IR CY pQ!D///D!'D!! /1|01 AF025303.1
WY pQe¢/ 1 D//¢E¢DEDC (ovine)
INH? CY pQD!D/// D! DD! /|91 NM_174094.3
RpQ// ¢/ 1 DI/ ¢/ ¢/ /! (bovine)
Lbli !t [CY pQlU/// ¢/ / /11! D 94 NM_174363.1
WY pQ/ DDD¢/ ¢/ ¢e¢/ ¢ (bovine)
Lbl i CY pQ! ¢DD// ¢DD/ / ¢|101 NM_176852.1
WY pQ/¢¢/! DD¢! D! D (bovine)
FST CY pQ/! 1 /1 /D/ ¢/ ¢c¢|8s NM_00125709
wY pQ!/1D¢//!/D¢¢ 3.1 (ovine)
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Table5.5 Real time oocytespecific gene primesequences

Gene Primer sequence Size (base Referencé
pairs) Species
zP2 CY pQD////!D¢c¢D¢/ {113 XM_00402082
wY pQ/¢D/¢¢/ ¢DD! ¢1 7.1 (ovine)
GDF9 CY pQ !D¢! ! D/ ¢DD! |95 AF078545
wY pQ DD¢DD// D! /! (ovine)
GTSF1 CYpQ/ ¢/ ¢DD!/// ¢D! 1120 NM_00103427
pQD¢¢E¢DECED/ D! /! ¢ 3.2 (bovine)
BMP6 FFpQ¢D¢D! / DD! D! ! ¢ D( 83 XM_00401936
WY pQ! ¢D! DD¢D! ! /[ 0.1 (ovine)
BMP15 CY pQDD/! ! 11D/ ¢/ ¢[102 NM_00111476
WY pQe¢D/ /1 e¢D/ /1] ] 7.1 (ovine)
FOX03 CY pQ! ¢DDD! D/ ¢ ¢ DD 120 NM_00126788
RpQ/ /! /De¢¢/ V11 /] 9.1 (ovine)
Table5.6 Real time imprintedyenes primesequences
Gene Primer sequence Size (base Referencé
pairs) Species
IGF2 CY pQ¢¢/ ¢D/ /! ! D¢DI87 NM_00100931
Rpp QDD! / DD¢! / ! DDD! 1.1 (ovine)
IGF2R CY pQ!'¢D/¢¢¢/ ! ¢/ ! (91 AF353513.1
wY pQl!¢/// /1 DD/ ¢! | (ovine)
MEST CY pQ!D// ¢/ ¢De¢D/ /1113 XM_00400807
WY pQ/ ¢! D/ ¢/ ! DD! DI 0.1 (ovine)
H19 CY pQ///¢// ¢e¢c¢/ /] (83 AF105429.1
wY pQD/ ¢/ ¢DD!/ D/ ¢ (ovine)
DNMTlo |CY pQ/ ! ! ¢¢/ 1 /1 ¢! ¢/83 FJ976676.1
WY pQ/ D! D¢/ ! ¢e¢c/ (ovine)
DNMT1s |CY pQ! D/ / ¢D! ! ! D! D/ 110 EF601875.1
WY pQ/ D! D¢/ ! ¢¢¢c/ (ovine)
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5.2.4 mRNAisolation

Proceduresfrom previously described protocolsere modified and used as these methods
enablal the creation of cDNA libraries from very small numbers of ¢ellsitriss et al., 2002

Huntriss et al., 2004 Isolation of RNA from then vive andin vitro-derived samples was
achieved as follows. Cells were completely lysed by heating samples8téthto 80C for 20

minutes, using an Applied Biosystems® 60 well Thermal Cycler (Life Technologies, Paisley, UK).
Reagents rbm Dynabeads® mRNA DIRECKit (Invitrogen) were warmed to room
GSYLISNI GdzZNB LINA2N) (2 dzaSo | sHpar>sampl® fvds dzY S
transferred to a sterile microcentrifuge tube in a DyWIPC®, Magnetic Particle Concentrator
(Invitrogen, kd), resulting in the beads concentrating against the back of the tube thus
allowing the supernatant to be removed using a pipette. The beads were then washed twice

in a volume of Dynal® Lysis Buffer equal to that of the volume of beads originallyAi§iedl

volume of Dynal® Lysis Buffer was then added and the beatlsigd LISY RSR G KSYy Hn>
each sample following lysis. The tubes were then transferred to a bidwkl (Baird and

Tatlock (London) Ltd, Romford, UK) anthted for 20-30 minutes atroom temperature. This

allowed the oligo(dB} on the magnetic beads to bind to the poly(A) tail of the mRNA sample.
{FYLX S& 6SNB (KSy ONASTte OSYyiNARTFddzZZASR (GKSy ¢
of buffer B (supplied by the Dynabeads® PMARNRECT{ A G 0 X LINA 2NJ (G2 NI & dz

sterile RNAse/DNase free water. Samples were then store®DaE until future use.

5.2.5 CcDNA synthesis

Procedures previously described were modified and used to design primer$gbis.7) and

create cDNA librarie@Eberwine et al., 1992Vang et al., 2000 ' wn>f @2t dzyS 2

LISNJ &F YL S O2yGFAYAY3IT n>f O6pEO FANBRG adNI yF
Rb¢t YAE omaYals mestf  {wdzlIRNE @GNIEILIG  NEBOGSING! S i NI
FYR mn>f whNRSkS8bil §8E LIJ dza (dpr drimee ahd terdplatk G K S

switching primer to give a final concentration of 10pMas prepared at room temperature,

then added to the sampleAll reagents were supplied by Invitrogetd. The sample with the

added reaction mix was then heated to°@2for 90 minutes, then cooled td@ for 2 minutes,

using an Applied Biosystems® 60 well Thermal Cycler.
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Table5.7 The primer sequencesgsed for cDNA synthesisThe oligo(dT)4 primer binds the

MRNA poly(A) tail and the template switching primer ensures the transcription of full length

transcripts only.

Primer Sequence

Oligo(dT), primer AAACGACGGCCAGTGAATTGTAATACGACTCACTATA
FTTrrrrrrrrrrirrrrrrrrTrrd

Template switching primer AAGCAGTGGTATCAACGCAGAGTACGCGGG

5.2.6 Amplification of cDNA using long distance PCR

As the initial amount of cDNA in the samples was very tmplification usindong distance

(LDt / w 6+ a NBIdzA NSR® I @2t dzY S >ZF moveE> ! REE yNB &0 M2

bufferm>f pnE ! ROl yGF3S u t2f&8YSNI &S aAE 6020K

OMnYavuI Hwm>f Suattril&icogén)kd SzB0F hadd e Olig¢dT), primer and

template switching primer to give a final concentration of 10pMas prepared at room

GSYLISNI §dzNBE GKSYy FRRSR (G2 GKS wn>f O5b!

Thermal Cycler samples were heated t6d@3a 2 minutes, followed by 35 cycles of°@5for
30 seconds and 6 minutes at €5 before cooling and holding at@ overnight. Samples were

then stored at-20°C until future use.

5.2.7 Verification PCR

Housekeeping gene primefsr GAPDHand YWHAZenes weraused to ensure thesuccessful

creation of a cDNA library. All reagents were supplied by Invitrogerutless specified

¢k 1N

t A0NJ NE

otherwised I mM>f &l YLXS 2F GKS [5 t/w LINRRdzOO ¢ a
O2y il AYyAYy3 mnod>f 5bil &vSwmESbbOd & 2 ¥ NB 873 GBI NE dor > f
noy>f Rb¢t YAE omMnYai0: nom>f 2F 620K (GKS F2NII NR

Tag Polymerassourceb I LIRAAGAOGS O2yUuNREt ¢l a asi
ovarian cortex cDNA libragpntaining a range of follicles and somatic tissuees added to the
reaction mix. A negative controlas also setp which consistedf the verification PCR
reaction mix with no added cDNA. Using an Applied Biosyste®s@el® Thermal Cycler
samples weréheated to 95C for 5 minutes, followed by 40 cycles of@560C, 72C for 30
seconds each, then holding at“@2for 10 minutes. Samples were then stored24rC until

future use.

dzLd Ay
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5.2.8 Agarose gel electrophoresis

A 1%(w/v) agarose gel was prepared as detailed\gpendixIIL & C2ft2Ay3a OSNR
gel loading buffer (seéppendixlL 0 ¢l a | RRSR (G2 SIFOK wn>f 050
mH>f 2F SIFOK gl a FRRSR (G2 G§KS AyRQuékiéadzl t ¢S
100bpDNA ladder (New England Bio Labs Ltd., HitchinwadK)added to one well to aid the
determination of fragment size in the cDNA samples. Gels were run in a Sub Cell GT connected
to a Powerpac 300 (Bi@d Laboratories Ltd, Hemel HempsteadK), through 1x
trisaminomethane, borate, EDTARE electrophoresidbuffer (seeAppendix Il) at 90V for 60

minutes. The gel was transferredtfee molecular imager Gel DBEXR+ imaging system (Bio

Rad; CA, USAQ check for the presence of bands capanding to eitheilGAPDHr YWHAZ
expression, and an absence of bands for the negative corifrbands of the correct size were

present then the cDNA samples were used as librariesharitls werenot present where
appropriatethe cDNA samples were d@ded. All gel images were captured usingage

Lab™ Software version 2.(Bio-Rad).

5.2.9 Realtime PCRRT PCRjnalysis

A 480 Lightcycler (Roch@/est Sussex, Ykind SYBR green technology (Applied Biosystems®)
were used to perform real time PGRT PCRanalysis. Amplification of the cDNA in each
sample for 40 PCR cycleas used to increaste amount of cDNAver sample exponentially.

The SYBR green assay enabled the quantification of the amount of double stranded nucleic
acids presentrelative to hous&eeping genes The wekbased programme, primer3

(http://primer3.sourceforge.net) was used for primer desigfRozen and Skaletsky, 1999

Primers with a melting temperate of around 60°C and around 20 base pairs in length were
selected. The primer information for somatic egdlecific and oocytspecific genes, genes
involved in imprinting are shown in Tablgs}, 5.5and 5.6. Forward and reverse primers for

each gene were dissolved in RNase/DNase free whteitrogen)to give a final concentration

2T mMnn>ad (Frakd3eveFsgR@imexsRvere then combined and diluted to a final
concentraton of 0.25% a dzaAAy 3 wbl aSk5blasS FNBS g1 ASN Ay
number of primers were designed which successfully and specifically amplified cDNA however,
when used for RT PCR analysis of the melting curve along with highdéwxpression in
negative samples lead to these genes being excluded from the study: primer design detailed in

Appendixll.


http://primer3.sourceforge.net/
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Thereaction mix used for the RT PCR was composed of12¥BR green master mix (Applied
Biosystems), & of 50 times diluted tet template, 5.5 DNase/RNase free water anclaf

0.25> a primer. The reaction mix was loaded in® well PCR plates for 480 Lightcycler
(Roché then the plates were covered in sealing foil (Roche). Three replicates were analysed
for each primer set and sample combination on the same 96 well plate. Four staged libraries
were analysed for each follicle/ oocyte/ somatic cell classification. pfesentative image of

the output data following a completed RT PCR is showkigare5.2. Melting curve analysis

was performed following the completion of RT PCRrtsure that unspecific amplification had

not taken place. The presence of multiple peaks indicated thatspaeific amplification had
occurred as the mixture was heated and cooled allowing the release of SYBR green dye from
the PCR products, therefore gfoducts were present at different melting temperature this
indicated the presence of multiple products. A clear single peak on the melting curve indicated
the presence of a single PCR product and therefore a specific amplification as sHeigurén

5.3. The efficiency of every primer paivas not checked individually as there werersany;
however, as the same primer pairs were used in all samples they shouldexhibit the

standardlevel of efficiencyach time

Ampification Curves
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Figure5.2 A representative image of the output data obtained fGAPDHollowing a RT PCR
experiment, with each line representing a separate sample.
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Melting Curves
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Figure5.3 A representative image of the melting curve obtained ®repeats of a sample in
which the primersshowed high specificity.The absorbance value at a given temperature is
shown for each sampldn thisimage the amplified gene SAPDH

5.2.10 Normalisation of dak using RPCR

Due to the nature of the study regarding the collectioninfvitro-derived samples being
dependent upa the follicle yield of each culture, which was very variable, the number of
follicles and oocytes collected in each sample and therefore the amount of transcript in each
sample varied. The 3 house keeping genes that were sele@&dPDH, H2A and YWHAZg(
Table5.3) were used to standardise samples on the basis that the transcript levels of each of
these should be similar within each oocyte or follicular somatic cehe cycle threshold (Ct)
value, the number of RT PCR cycles at which the levels of fluorescence crosses the threshold
was determined for all genes for all samples. Three repeats were conducted for each sample
and the mean calculated per sample. ge@metricmean of the mean Ct values of the house

keeping genes was calculated for each sample as shoquation 1
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Equationl

Geometric mean( genesit (Mean Geappijmean Clafmean Clywnaz) (1/3)

Using the geometric mean of the housekeepgenes for each sample the change in Ct value
on/ G0 F2NJ SI OK B yakulateths shofi iENBLDNI 2 thérDtelvalue of
20 N{yas calculated for each GOI. Where HK = housekeeping gene, mean = arithmetic mean

and * = multiply.

Equation2

N 1 céik=mean Cioiy geometricmeanx genes)

A reference sample with relatively low levels of variability within all genes tested was selected
and used as a standard from which thpCtgojcould be calculated, as shown Eguation 3

The sample selected was sample Inofivoderived secondary follicles, against which all other
samples, including the 3 othein vivederived samples, were compared. The ratio of

INH :INH Aexpression was also calculated for each sample.

Equation3

NNClsomkrelative toin vivosecondary 1 =" 898 0 n Referencetiy

5.2.11 Statistical analysis

Statistics were performed using the Minitab 15 statistical programme (Minitab limited, UK).
The AndersotDarling test was used to determine whether thata was normally distributed.

As the majority of the gene expression data was not normally distributed it was necessary to
transform the data using lgg(1 nCisomk relative toin vivosecondary 1) and present data in

this way+ SEM per sample repeatThe ratio ofNH':INH A expression is presented as the
mean+ SEM per sample repeat. Levels of gene expression were compared between samples
using oneway ANOVA. When data yielded significance, comparisons between samples were
02y RdzOU SR gumstihgcIestCIR all larialsBsip<0.05 was considered to be statistically

significant.
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5.3 Results

In this experimental series the expression patterns cahdidate genes that have been
identified as important regulators of follicle and oocyte growth and elepment were
establishedin vivoand in vitro, at various stagesfdollicle and oocyte development. Genes
were classified as somatic cslecific, oocytespecific or imprinted, based on results from
previouspublications. The gene expression patteimsn vivoderived samples were used to
determine patterns ofnormality across oocyte and follicle developmenExpression patterns
inin vitro-derived samples were then analysed. Note that the samples differ imthiec and

in vitro-derived groupsas it was not always possible to obtain equivalent samplabers see
Section 5.2 Classifications of follicles for which equivalemtvitro- and in vivederived
samples had been obtained were directly compared, with respect to the expression patterns of
the selected genesChanges in theetative patterns of gene expressi@tross the different
developmental stagewere also investigatedThe vdidation of all primer sets used is shown in

Figure5.4.

5.3.1 Expression patterns of key somatic cslbecific genes

Firstly, the expression patterns of key somatic egécific genes were considergseeFigures
5.5 5.6 and5.7. Levels oAMH expression variedn vivowith statistically higher (p=0.015)
levels of expressiobeing detectedn transitional follicles and GRG, than primordialand EA
follicles orGV oocyte samples, séggure5.5. Thesediscretevariatiors in expression pattern
were not seen tosuch agreat anextent in thein vitro-derived samples, howevethere was a
trend towardssignificance (p=0.083), with MIl oocytes and CCs being the biggest contributors
as the level of expression &iMHin these groupsvas much lowethan in the other samples
analysed see Figure 5.6. Direct comparison oAMH levels, instage matchedn vive vs.in
vitro-derived samples, revealed that ilevels of AMH expression inEA follicles were
significantly highel(p=0.007) inthe in vitro-derived samples, seEigure5.7. Note thatthe
higher expression level of AMH in in vivederived primary and transitional samples

approachedsignificancgp=0.082 and p=0.06%¢spectively.
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(a) Housekeeping genes
2° Ooc CC GC -ve 100bp 2° Ooc CC GC -ve

93bp 98bp

2° Ooc CC GC -ve

H2A B .
109bp
(b) Somatic cell-specific genes
100bp +ve -ve 200bp +ve -ve
AMH R FSHR
sorn I s 1555 I e [
100bp +ve -ve 100bp +ve -ve
IGF1 IGFIR
12000 sty
100bp +ve -ve 100bp +ve -ve
FST P T———— . INHa .
85bp 91bp h..mﬂ
100bp +ve -ve 100bp +ve  -ve
INHBA INHBB -
94bp 101bp -&cg weccoaill
(c) Oocyte-specific genes
100bp +ve -ve 100bp +ve -ve
GDF9 ZP2
100bp +ve -ve 100bp +ve -ve
GTSF1 BMP6
120bp 83bp
100bp +ve -ve 100bp +ve -ve
BMP15 FOXO3
102bp 120bp
(d) Imprinting genes
100bp +ve -ve 100bp +ve -ve
IGF2 IGF2R
100bp +ve -ve 100bp +ve -ve
MEST H19
113bp 83bp
100bp +ve -ve 100bp +ve -ve
DNMTI1o DNMT1

Figure5.4 Validation of primers Representative images eachprimer setwith a positive and
negative control and the position of the band with respect to the DNA ladder. Positive
controls contained cDNA from a range cell types in cortical tissue, including oocytes and
follicular somatic cells. Negative controls containedexah place of cDNA.
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(a) Expression &dMHin in vivaderived samples (b) Expression dfSHRnin vivaderived samples
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Figure5.5 Histogramsmappng the changingexpression patterns of key somatic egflecific
genes AMH, FSHR, IGF1, IGF1RMNHb | ,iL b BandFSTin in vivederived samplesData

is presented as lgg(mean expression relative to the level of expression in the comreive
derived secondary sample) SEM for 4independent samples Levels of expression were
compared using ongvay ANOVA. Statistically significant diffezes (p<0.05) are indicated
using different letters. For example, in (a) the values obtained for primordial, primary,
secondary, EA and GV oocyte samples are not significantly different (p>0.05), nor are the
values for primary, transitional, secondary aBd¥ CC samples. The values for primordial, EA
and GV oocyte samples are, however, significantly different (p<0.05) from those obtained for
transitional and GV CC samples. This applies to all data presented in thitNataythat the
scales used foAMH, FSHRindL b | aré different from those used for all other genes due to
lower levels of expression.Abbreviations: primordial (Prd), primary °j1 transitional (T),
secondary (9, early antral (EA), GV oocyte (GV) and CCs from GV oocytes (GV CC).
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(a) Expression giMHin in vitro-derived samples (b) Expression dfSHRnin vitro-derived samples
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(c) Expression ¢GFlinin vitro-derived samples (d) Expression diGF1Rn in vitro-derived samples
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(e) Expression dNHJinin vitro-derived samples (f) Expression dNHbA inin vitro-derived samples
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Figure 5.6 Histograms mappg the changingexpression patterns of key somatic eslecific
genes AMH, FSHR, IGF1, IGF1RMNHb | ,IL b BandFSTn in vitro-derived samplesData

is presented as lag(mean expression relative to the level of expression in the coimreivo
derived secondary sample) SEM for dindependent samplesvith the exception of primary
stage follicles of which there were only 3 repeats. Levels of expression were compargd usi
oneway ANOVA. Statistically significant differences (p<0.05) are indicated using different
letters. Note that it was necessary to use different scales because of the large variations in
expression levels of the genes analysed in this seflerevidgions: primary (I), transitional

(T), secondary (2 secondary degenerating (2Dearly antral (EA), MIl oocyte (MIl) and CCs
from MIl oocytes (Ml CC).
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(a) Expression ciMH (b) Expression dfSHR
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Figure5.7 Histograms comparinghe expressionpatterns of key somatic cedlpecific genes
AMH, FSHR, IGF1, IGF1RNNHb | ,iL b BandFSTin in vive andin vitro-derived samples.

Data is presented as lggmean expression relative to the level of expression in the coimirol
vivo-derived secadary samplex SEM for dindependent samplesvith the exception ofin
vitro-derived primary stage follicles of which there were only 3 repeats. Levels of expression
were compared using oreay ANOVA. Statistically significant differences betwieewive

and in vitro-derived follicles of the same classification are indicated using * (p<0.05) and **
(p<0.01). Note that it was necessary to use a different scaleSetRlue to its low expression
levels compared to the other genes analysed in this seri@bbreviations: primary (3,
transitional (T), secondary 12 early antral (EA).
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Levels oL b | were significantly higher (p=0.03if) CCs fronGVoocytesthan in primordial,
secondary and EA follicles,vivq seeFigure5.5. The expression pattern bfb | ébservedin

vitro was slightly different, with significantly high@r<0.001) levels of expression in sedary
degenerating, EA and MIl oocyte and cumulus cell samples, than primary, transitional and
secondary follicle samples, s€&re 5.6. Expressionf L b | in In vitro-derived EA follicle
samples was significantly higher (p=0.0fl&n that observedin in vivaoderived samples, see

Figure5.7.

Lewls of expression &FSHRIGF1IGF1RL b | Lhb | andFSTremained relatively consistent
across alin vivoderived samples tested, with no statistically significant differenpe€.05)

found, seeFigure5.5. Levels ofL b IeRkpressionwere lowest in primordial, EA and possibly
secondary follicle samples. SimilaAgTexpression levelsiere lowest in primordial, EA and
secondary follicles howev, therewere large variations in the data. Conversétythein vitro-
derived samples expression levelslob | [ b | and FSTin different follicle classification
differed significantly, se€iqure 5.6. ForL b | the levels of expressiowere significantly lower

in transitional and secondary follicle samples, than primary, degenerating secondary, EA and
MII oocyte samples (p=0.003). LeveldNifl .expression were highest the in vitro-derived
primary follicles, decreasing slightly at the transitional stage, although not significantly
(p>0.05) Levels of expression veehoweversignificantly lowep<0.001)than that observed

in the primary, secondary, secondary degenerating, EA and MIl CC samples. Levels of
expression oFSTwere alsosignificantly lower (p=0.032 transitional and secondary follicle
samples, although not secondary degenerating samplban tthe otherin vitro-derived

samples.

In 5 out of the 8 key somatic calpecific genes analysgdxpression levels in tha vitro-
derived EA follicle samples differed significantly from those observed inntiwvévaderived
samples, sedigure5.7. Expression ofAMHandL b | iédre significantly higher (p<0.0%)
the in vitro-derived EA follicle samples. This was also observed with respeciete . b | h
and FSTexpressionp=0.001 and p=0.016, respectivelyWhereas levels diGFlexpression in
EA follicles were significantly lower (p=0.0#bjhe in vitro-derived samples, compared to the
in vivederived samplesonly the levels ol GF1Rexpression differed significantly in a follicle
classification other than EA, as levels of expression were significantly higher (p=6.018)
viva-derived transitional follicle sampleshen compared to theiin vitro-derivedcounterparts

It is worth notirg that in a number of genes differetrends in theexpression levels between
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in vitro- andin vivoderived samples werebserved such thatigher levels oFSHRXpression

were observed in vivaderived transitional, secondary and EA samples. Higher leveldadf h
expression weralsoobserved in thdn vitro-derivedprimary and transitional follicle samples,
than in their in vivederived counterpars. The difference in expression patternsliofl i . AY
vivoandin vitro showed no clear pattern, however, expression was highersitro in primary
follicle samples, to a level approaching statistical significance (p=0.06). In all follicle
classifications analyse@STexpression wasonsistentlyhigher in vitro than in vivg with the
exception of transitional follicles in which the converse was talthough variability in the

data meant these differences were not significant

(a) Expression in GV and MIl oocytes (b) Expression in CCs from GV and MII oocytes
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Figure5.8 Histograms emparing the expression patterns of key somatic-sp#cific genes:
AMH, FSHR, IGF1, IGF1RMNHb | ,iL'b B and FSTin samples of (ajn vivaederived GV
oocytes andin vitro-derived MIl oocytes (black lines) and (h)vivederived CCs from GV
oocytesand in vitro-derived CCs (black lines) froill oocytes Data is presented as lag
(mean expression relative to the level of expression in the comtreivederived secondary
sample)x SEM for 4dindependent samples Levels of expression were companesing one
way ANOVA. Statistically significant differences betwaenvce andin vitro-derived samples
are indicated using * (p<0.05).
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Expression levels of key somatiell genes were compared between GV and MIl oocytes and
GV and MIl oocytelerived CCs, iFigure5.8. Levels of. b A expression were significantly
higher (p<0.05) in MIl oocytes than GV oocytes. Levels of expression of all gened exd&pt

was lower in CCs derived from MIl oocytes than those derived from GV oocytes, but due to

variability in the data this was only significant (p<0.05) in the casév/iri

The ratio of the relative expression levelslob tLhb A subunits were analysed tmdicate

the levels of inhibin A and activin A (sEgure5.9). The ratio oL b tLhb A expressionin

vivo was lowest in primordial follicles; the ratio then incredsiaroughout preantral follicle
development prior to decreasing in EA follicle samples and remaining low in GV oocyte and CC
samples (sedrigure5.9 (a)). The ratioof L b tLhb KA kexpression was similar in primary,
transitional and secondary follicles and there were no statistically significant differences
(p>0.05) between any of the samples. The pattern of the ratid &f tL"b A expression
observedin vitro was sligptly different to that observedn vivo(seeFigure5.9 (b)), in that a
significantly higher level of expression (p=0.0009) was observed in secondary follicled than al
other samples, although interestingly not in secondary degenerating follicles. The lowest
levels of expression were observed in transitional and MIl CC samples. Wharvihe and

in vitro-derived samples were directly compardelqure5.9 (c)) the greatest differences in the
ratio of L b tLhb IA Expression were observed in the primary and transitional samples with

lower levels observeth vitro, statisticalsignificance was approached in the latter (p=0.059).
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(a) Ratio of INHa:INHBA expression in vivo (b} Ratio of INHa:INHBA expression in vitro
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(c) Ratio of INHa:INHBA expression in vivo and in vitro
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Figure5.9 Theratio of L b | h Y Lekptession in (ajn vivederived samples, (b)n vitro-
derived samples and (@) vive and in vitro-derived samples.Data is presented as mean
logio(1+L b tLhb | )i+ SEM for 4 independent samples. Ratios were compared usirgayne
ANOVA and statistically significant differences indicated with the use of different detter
(p<0.05). Abbreviations: primary (), transitional (T), secondary {2 early antral (EA).

Finally inFigure5.10 (a) levels of expression of key somatic -spkcific genes in growing

vivo- and in vitro-derived secondary follicles, as wall vitro-derived degenerating follicles,
were analysed. Intestingly expression levels of b | [P b | @and FSTwere significantly
higher in the samples of degenerating secondary follickeapared toeither thein vive or in
vitro-derived growing secondary folliclep<£0.001, p=0.0009, p=0.003, respectiyelyHgher
levels ofFSHReXxpression were also observed in degenerating secondary follicles compared to

growing follicles, to a degree approaching statistical significance (p=0.057).
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(a) Expression of key somatic eddlrived genes in growing and degeneratingitro- andin vivederived
secondary follicles
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Figure5.10 Summarycomparison othe expression patterns of key (a) somatic-ogl) oocyte
derived and (c) imprinted genes in vive and growing and degeneratinig vitro-derived
secondary follicle sampledata is presented as lggmean expression relative to tHevel of
expression in the contrah vivaderived secondary sample)SEM for 4ndependent samples
with the exception ofin vitro-derived primary stage follicles of which there were only 3
repeats. Levels of expression were compared usingvaaye ANOVA.Statistically significant
differences betweenin vive and in vitro-derived follicles of the same classification are
indicated using * (p<0.05), ** (p<0.01) and *** (p<0.001Note thatin vitro Drefers to
secondary follicles derived vivg then culured in isolated culturén vitro, where they started

to degenerate.
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5.3.2 Expression patterns of key oocyepecific genes

Expression patterns of key oocydpecific genein vivoandin vitro were consideredn Figure
5.11, Figure5.12 and Figure5.13. In all oocytespecific genes analysed expression levels were
highest in the GV oocyte sampliesvivq with the exception ofsDF9 and MIl oocyte samples

in vitro, seeFigure5.11and Figure5.12.

The level of expression @P2was significantly higher in GV oocytes than all otimewive
derived samples, except primary follicles, segure5.11. The level oZP2expression in
primary and transitional folliclesn vivo was significantly highe(p<0.001) than all other
samples considered. SimilarEP2expressionn vitrowas sigrficantly higher (p<0.001in Mll
oocyte samples, however, other than this the levels of expression remained relatively
consistent across all samples compared to that observedivq seeFigure5.12. Direct
comparison ofin vive and in vitro-derived samples irFigure 5.13, with respect toZP2
expression, revealed consistently higher levels of expression irinthdévederived samples.
This difference was statistically significant in primang secondary follicle sampl¢s=0.001

and p=0.002, respectivély Interestingly levels aZP2expressionin degenerating secondary
follicles were not significantly different from those observied vivg however they were
statistically significantly different (p=0.006) from those obserwedvitro, see Figure5.10.
Therefore this suggests that the reduced levels of expression observed in tfiteo-derived
samples occur earlier in development, possibly as a result of suboptimal cortical culture

conditions.

Expression ofoocyte GDF9was highest in transitional follicles vivo and in vitro, this
observation wasstatistically significant in the former (p=0.014ke Figure5.11 and Figure
5.12. Levels oGDF%xpression in EA follicle samples were significantly hi¢pred.05)than
those observed in GV oocyte and CC gias These high levels GDF%®xpression were not
observed in then vitro derived samples, as shown Figure5.13, as expression leveigsere

sigrificantly higherin vivo(p=0.021).
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(a) Expression atP2in in vivaderived samples (b) Expression d6DF9n in vivederived samples
2 A a c 254
E 1.8 - 2 .
2a7a '%QZA b 2
= 4 T > abc
o812 © &5 | aDC
* O ICc
z s 14 58 d
O 8 0.8 - é 3 1 Cd
€2 06 - o od
F2 04 - £305-
<702 2 i
o N U’
é" 0 - S 0 -
Prd 1° T 2> EA GV GVCC Prd 1I° T 2 EA GV GVCC
n=3 Ooc Ooc
Follicleclassification Follicleclassification
(c) Expression @& TSF1nin vivederived samples  (d) Expression &MP6in in vivederived samples
4 - 2.5+
s 35 2 S
E ~—~ | ; 2 1 a
= 2 3- 23
D g 25 % %1.5 ]
2 2 ]
38 b 5 .
é o 1.5 A '|' 29 1
o 1| c e 9 b bc
F2 s cd &.2 05 bc
2705 c L &> bc c c
é" 0 T T T | — T "'g 1 glo 0
Prd 1° T 22 EA GV GvCC 4 Prd 1° T 22 EA GV GVCC
Ooc
Follicleclassification Follicleclassification

(e) Expression &dMP15nin vivoderived samples  (f) Expression dFOXO®in vivoderived samples

e 357 b o 18-
o o d
; 3 J @ 16
% fary ot % 1.4
0
e % 1.5 - (=] %0.8 8
> N
i.; 1] g.s 8.2
S 05 g
S S 02
0 - 0 -
Prd 1° T 2° EA GV GVCC Prd 1° T 2° EA GV GVCC
. e Ooc . e QOoc
Follicleclassification Follicleclassification

Figure 5.11 Histogramsmappng the changes inexpression patterns of key oocyspecific
genes ZP2, GDF9, GTSF1, BMP6, BMibFOXO3n in vivoderived samples. Data is
presented as log (mean expression relative to the level of expression in the comreivo
derived secondary sample)SEM for 4ndependent samplesexcept where indicated. Levels

of expression were compared using eway ANOVA. Statistitya significant differences
(p<0.05) are indicated using different letters. Note that the scales usedNbti, FSHRand

L b | aré different from those used for all other genes due to lower levels of expression.
Abbreviations: primordial (Prd), primary°jLtransitional (T), secondary°j2early antral (EA),

MIl oocyte (MIl) and CCs from MIl oocytes (MIl CC).
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(a) Expression &P2inin vitro-derived samples (b) Expression d6DF9n in vitro-derived samples
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(c) Expression @6 TSF1nin vitro-derived samples  (d) Expression dMPGin in vitro-derived samples
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Figure 5.12 Histogramsmappng the changes inexpression patterns of key oocyspecific
genes ZP2, GDF9, GTSF1, BMP6, BM&tbFOXO3n in viro-derived samples. Data is
presented as log (mean expression relative to the level of expression in the coimreivo
derived secondary sample) SEM for dindependent samplesvith the exception ofprimary

stage follicles of which there were only 3 repeats. Levels of expression were compared using
one-way ANOVA. Statistically significant differences (p<0.05) are indicated using different
letters. Note that it was necessary to use different scélesause of the large variations in
expression levels of the genes analysed in this seAdsreviations: primary (), transitional

(T), secondary (2 secondary degenerating (2Dearly antral (EA), MIl oocyte (MIl) and CCs
from MIl oocytes (MIl CC).
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Figure5.13 Histograms comparinghe expression patterns of key oocyspecific genesZP2,
GDF9, GTSF1, BMP6, BMRhE FOXO3n in vive and in vitro-derived samples. Data is
presented as log (mean expression relative to the level of expression in the coimreive
derived secondary sample) SEM for dindependent samplesvith the exception ofin vitro-
derived primary stage follicles of which there were only 3 repeats. Levels of expression
compared using ongvay ANOVA. Statistically significant differences betwiaevive and in
vitro-derived follicles of the same classification are indicated using * (p<0.05) and ** (p<0.01).
Note that it was necessary to use a different scaleG@F9due to its high expression levels
compared to the other genes analysed in this seri@bbreviations: primary (), transitional

(T), secondary (2, early antral (EA)

With the exception of GV oocye expression ofGTSFlin vivo was significantly igher
(p=0.0009)in transitional follicle samples than all other samples considered Fepare5.11.
Similarly, with the exception of MIl oocyte sples, expression was highest in transitional
follicles in vitro, however, this was not statistically significa(i<0.05) see Figure 5.12.
Expressio levels of GTSFIn primary folliclesin vivo were significantly higher than those
observed in EA and GV CC samples, wheneaisro expression levels were similar in primary

and EAsamples;see Figure5.11 and Figure5.12. In addition, whenn vitro- and in vivo
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derived samples were directly compared expression leveBTI@Fere significantly highein
vivo-derived primary follicle samples (p=0.005) as Iwat in secondary follicle samples
(p=0.047). Similariexpression of5TSFivas significantly higher (p=0.021)in vivoderived

secondary follicles than degenerating secondary folliclesFigee5.10.

With respect to levels oBMP6expressionin vivothe highest levels were observed in GV
oocytes (p<0.001), sdeigure5.11. In addition expression oBMP6was significantly higher in
transitional follicle samples than EA and GV CC samples. Whengas expression oBMP6
waslower in transitional follicle samples than in primary folliseenples, although this was not
significant, seeFigure5.12. The levels of expressioin vivoand in vitro did not differ in
primary and transitionesamplegp>0.05) when directly compared, sdéigure5.13. However,
BMP6expression in secondary follicles was significantly higbe®.01§ in thein vive thanin
vitro- follicles Significantly lower (p=0.00#vels ofBMP6expressiorwere ako observed in

degenerating secondary follicles than those observedvqg seeFigure5.10.

In the in vive and in vitro-derived samples expressiasf BMP15was significantly higher
(p<0.001) in GV oocyte and MIl oocyte samples, respectively, whereas levels remained
relatively consistent in all other classifications considerssk Figure5.11 and Figure5.12.
Expression oBMP15was consistently highein vivothan that observedin vitro, reaching
statistical significance secondary follicle samples (p=0.033) aniend for higher expression

was observedn EA samples, sdeigure5.13. However, levels of expression in degenerating

secondary follicles did not differ from that observed in growing follidkgue5.10).

Expression oFOXO3n vivodid not vary significanthacross development althoughe highest
levels observedvere from primordial to transitional stages and in GV oocyte samples, see
Figure5.11. There were, however, large variations within follicle stagesl more repeats,
possibly using different primeare required togive some moreonvindng results. Expression

of FOXO3n vitrogrown cellswvere significantly higher (p<0.00ib) MIl oocyte samples than all
other classifications analysed, sé&gure5.12. Similarly, &pression ofFOXO3was slightly
higherin in vive than in vitro- derived cells These differences were not however, statistically

significant, seéigure5.13.
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Expression patterns of key oocyseecific genes were compared between GV and MIl oocytes
and GV and MIl oocytderived CCs, iRigure5.14. Oocytespecific gene expressiorassimilar

in GV and MIl oocyte samples, with the exceptionGifSFIn that a significantly higher
(p<0.001) level of expression was detected in the GV oocytes, than the MtesocWith
respect to the CC samples, levels of expression of all ospgeific genes were similar with no
significant differences (p>0.05) observed between GV and MIl oalgyieed samples, with

the exception ofBMP15expression, which was significantlower (p<0.05) in GV oocyte

samples.
(a) Expression in GV and MIl oocytes (b) Expression in CCs from GV and MIl oocytes
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Figure5.14 Histograms comparing the expression patterns of &egyte-specific geneszZP2,
GDF9, GTSF1, BMP6, BMB&8 FOXO3n samples of (a)n vivaderived GV oocytes and
vitro-derived MII oocytes and (I vivoderived CCs from GV oocytasdin vitro-derivedCCs
from MIl oocytes Data is presented as lgg(mean expression relative to the level of
expression in the controh vivederived seondary sample} SEM for 4ndependent samples
Levels of expression were compared using-aiag ANOVA. Statistically significant differences
betweenin vive andin vitro-derived samples are indicated using *** (p<0.001

5.3.3 Expression patterns of keimprinted genesand genes involved in the regulation of

epigenetic modifications

Finallythe expression patterns of key imprinted geriasvivoandin vitrowere consideredsee
Figuresb.15 5.16 and 5.17. Expression diGF2was highest in preantral follicles both vivo
and in vitro although differences were not significafp>0.05) see FHgures5.15 and 5.16.

Expression of its receptolGF2Rwas relatively consistent botim vivoand in vitro, with no
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statistically significant differencgp>0.05) observedseeFiguress.15and5.16. Expression of
IGF2Rwvas highest in GV andlIl oocyte samples. Direct comparisoniofvive and in vitro-
derived samples did not reveal any significant differer(pe.05) with respect to eithetGF2

or its receptor, seé&igure5.17.

Similar patterns oMESTexpression were observed vivoand in vitro, seeFigures5.15 and
5.16 in that a transient increase was observed during preantral follicle development, followed
by a slight decrease as fole development progressed. This increase aezlrat the
transitional stagdan vivoand appeared to be delayed to the secondary stages initheitro-
derived follicles Additionally, the level dfIESTexpression was significantly higheriimvitro-
derived primary and transitional follicle samples, p=0.009 and p=0.017, respectigelyigure
5.17). Similarly in EA follicle samples expressionM@&STwas higherin vitro, but this

difference did not reach significance (p>0.05) due to sample variability.

The level of H19 expressionin vivoincreased from the primordial stage to the transitional
stage of development, beforadecreaing transiently at the secondary stagand increasng
again at the EA stagesee Figure5.15). Expression was lowest in the GV oocyte and CC
somatic samples. The difference in level of expressionHif9 between transitional and
primordial, secondary, GV oocyte and CC samples was statistically significant (p<0.001). The
expression pattern observeith vitro was very differentto that observedin viva Relatively

high levels of expression were consistently observed across all preantral follicle samles
and in vitro, although there was a sligland non-statistically significant increag@>0.05)in
expression in transitional follicle samples. hetn vitro-derived EA, MIl oocyte and CC
samples expression dfl19 was significantly lower (p<0.00Xhan that observed in the
preantral follicle samples, sdeéigure5.16. This discrepancy betweehe in vivo andin vitro-
derived EA samples became even morpaxpnt when the 2vere directly compared ifigure
5.17, showing a significantly lower level ldfL9expressionn vitro (p=0.001). Aower level of
expressionin vitro was observed across all follicular classifications analyssgecially
seconary follicles however, the differences were ngignificah due to variability between

samples

The highest level of expression of oocgiecificDNMTLo in vivowas observed in GV oocytes
(p=0.0009compared to other developmental stageseeFigure5.15. Expression levels in GV

oocytes were over $old higher than that observed in all other samples. Whereas inirthe
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vitro-derived samples there werno significant differences in the level of expression, see
Figure5.16. Unfortunately there were nin vitro-derived GV oocytes to enable compariso
Comparison o DNMTLo expression levels iin vive and in vitro-derived samples revealed
similar levels of expression (p>0.08Ithougha higher level of DNMTLo expressionwas
recorded forin vivotransitional follicle sampleshowever, thisdifference was not significant
due to variability between samples Expression of somatic csppecific geneDNMTLs
progressively increased from the primordial to the transitional stage, then progressively
decreased up to the EA stage, vivg seeFigure5.15. Expressionin vivowas significantly
higher (p=0.007)n the transitional follicle and GV oocyte samples, than all other stages.
Similarly a mall increase irDNMTLs expression from the primary to the transitional stage,
followed by a decrease at the secondary stage was obsearnveitro, although thisdifference

was not significan(p>0.05) see Figure 5.16 (f). However, unlike that observenh vivo
expression levels dNMTLs were significantly highe(p<0.05)in in vitro-derived EA follicles
than those observed in all preantral follicteages. This can also be observedrigure5.17 ()

as expression dDNMTLs was significantly highefp=0.011)in vitrothanin viva Interestingly

in degenerating secondary follicles expressiobiMTLs wasalsohigher than that observed

in trangtional follicles, although these differences were not significant

The data shown irFigure5.10 shows that expression of the key imprinted genes analysed
remained relatively consistent acrogsviva andin vitro-derived growing follicles anid vitro-

derived degenerating follicles.
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(a) Expression ¢6GF2inin vivaderived samples (b) Expression diGF2Rnin vivoderived samples
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Figure5.15 Histogramsmappng the changes irexpression patterns of key imprinted genes
IGF2, IGF2R, MEST, H19, DNMIRKDNMT Xk in in vivaderived samples.Data is presented

as logg (mean expression relative to the level of expression in the corniralivederived
secondary samplet SEM for dindependent samples Levels of expression were compared
using oneway ANOVA. Statistically significant differences (p<0.05) are indicatied u
different letters. Note that it was necessary to use different scales because of the large
variations in expression levels of the genes analysed in this sekigilsteviations: primordial
(Prd), primary (3, transitional (T), secondary°j2 early atral (EA)GVoocyte GV) and CCs
from GVoocytes GVCC).
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Figure5.16 Histogramsmappng the changes irexpression patterns of key imprinted genes
IGF2, IGF2R, MEST, H19, DNMItDNMT X in in vivaderived samples.Data is presented

as logo (mean expression relative to the level of expression in the coritrolivaderived
secondary samplex SEM for 4independent samplesvith the exception of primary stage
follicles of which there were only Zpeats. Levels of expression were compared using one
way ANOVA. Statistically significant differences (p<0.05) are indicated using different letters.
Note that it was necessary to use different scales because of the large variations in expression
levels of the genes analysed in this seriedAbbreviations: primary (), transitional (T),
secondary (9, secondary degenerating (2Dearly antral (EA), MIl oocyte (MIl) and CCs from
MIl oocytes (MIl CC).
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Figure 5.17 Histograms comparinghe expression patterns of key imprinted gend&F2,
IGF2R, MEST, H19, DNMEIal DNMTXE in in vive and in vitro-derived samples.Data is
presented as log (mean expression relative to the level éfpression in the contrah vivo
derived secondary sample)SEM for 4dndependent samplesvith the exception ofin vitro-
derived primary stage follicles of which there were only 3 repeats. Levels of expression were
compared using ongvay ANOVA. Statistlly significant differences between vive andin
vitro-derived follicles of the same classification are indicated using * (p<0.05) and ** (p<0.01).
Note that it was necessary to use a different scalel®F2Rand DNMTLo due to their low
expressiorievels compared to the other genes analysed in this series.



218
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Figure 5.18 Histograms comparing the expression patterns of key imprinting geli@is2,
IGF2R, MEST, H19, DNMabd DNMTX in samples of (a)n vivoederived GV oocytes and
vitro-derived MIl oocytes and (li vivederived CCs from GV oocytasdin vitro-derivedCCs
from MIl oocytes Data is presented as lgg(mean expression relative to the level of
expression in the controh vivederived secondary sample)SEM for 4ndependent samples
Levels of expression were compared using-aag ANOVA. Statistically significant differences
betweenin vive andin vitro-derived samples are indicated using *** (p<0.001

Expression levels of key imprinting genes were compared between GV and MIl oocytes and GV
and MII oocytederived CCs, iRigure5.18. Higher levels of expression of bdtBF2and H19

were observed in the MII oocytes than the GV oocytes, however, due to variability in the data
these differences were not significant (p>0.05). Levels of MESTand DNMTXwere similar

in MIl and GV oocyte samples. Expression of lBF2Rand DNMT1ois higher in GV oocytes

than MIl oocytes although only statistically significantly in the latter, (p>0.05) and (p<0.001),
respectively. There were no statistically significantedéhces (p>0.05) observed in the levels

of expression of imprinting genes between GV and MIl oedgtéved CC samples.

Levels of expression of all oocydpecific genes were similar in GV and MIl oocyte samples,
with the exception ofGTSF1n that a sigificantly higher (p<0.001) level of expression was
detected in the GV oocytes, than the MIl oocytes. With respect to the CC samples levels of
expression of all oocytspecific genes were similar with no significant differences (p>0.05)

observed between G¥nd MIl oocytederived samples.
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5.4 Discussion

In this experimental series the expression patterns of 20 key gemaiated in the regulation
of folliculogenesis, oogenesis, embryogenesis and imprint establishment and maintenance

vivowere elucidated and compared to that observeircytes andollicles derivedn vitro.

5.4.1 Somatic celspecific genes

Firstly, the expression patterns of key somatic eglecific genes were considered. In this study
very low levels ofAMH expression by ovine primordial follicles were detectedvivo in
contrast to that reported in previous studies, in whiBMH expression wasletected from the

early primary stag€Bezard et al., 198 Bonnet et al., 2011 In addition low levels cAMH
expression were detected in the GV oocytes. T¥as unexpected agMH is somatic cell
derived It is possible that the primordial follicle and GV oocyte samples were contaminated
with early primary follicles and GV CCs, respectively. It is also possible that the high sensitivity
of the analytical metods used in the present studyympared to published workesulted in

the amplification and detection ofery small amounts of cDNA preséantthe samples which

had hitherto been undeaictable Alternativelythe observed discrepancy in th&MH results

for primordial folliclesas reported hereis due to a speciesspecific difference in gene
expression.For examplethe study conducted bBonnet et al. (201jluseda bovine array to
analyse gene expression profiles of ovine oocytes and somatic cells. It is possible that the use
of aheterologousarray meant that low levelsf AMHexpression were not detectedhowever
Bezard et al. (1987also reported the absence of AMH protein in ovine primordial follicles
when analysed using immunohistological techniques. In the aforementioned studies
increasing levels ofAMH expresgon were detected with the progression of follicle
development. This was observed to an extent in the curegerimental series however
levels ofAMH expressiordetectedin the EA follicle samples were very low. Interestiniiig
expression pattern oAMH in vitrowas more similar to that reported previously with respect

to increasing levels of expression with progression of follicular development. When the
expression patterns oAMH in vivoand in vitro were directly compared lower levels were
detected in vitro across all stagematched samples This may partly explain the increased
levels of primordial follicle activation exhibited vitro, as AMH is an inhibitor of this process,
although evidence suggests this may be spespesific and not the & in the ovine model
(Campbell et al., 2032 Furthermore, the levels were not significantly lower until the tag8es

It is interesting to note that the expression Amhby CCs in mouse preantral follicles, cultured
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thosein vivg and inthe presence ohigh levels FSE25miUmt’), expression stoppe@Sanchez

et al.,, 2010. It is therefore possible that exposure to FSHhaalgh at a much lower
concentration (1x18UmIY), in the current investigation may have resulted in the decreased

levels of AMH expression. In addition comparison oAmh expression levels by CCs from

mouse preantral follicles cultured in the presendelav (Sngmfv | y R K A)3rksulind p > 3 Y f
concentration resulted in a significantly higher level of expression in the former group
(Sanchez et al., 20111t is possible that the slightly higher concentration of insulin used in the
current study (10ngri)) resulted in the decreased levels AKH observedin vitro compared

to in viva The lower levels oAMH expression observed im vitro-derived EA suggest that

these folliclesmay be more responsive to gonadotropkstimulation, which may result in

precocious luteinisation if follicle culture was continuU&@hmpbell et al., 2032

It would be interesting to assess the levels of AMH expression in accelerated culture systems,
particularly those usig tissue derived from species in which AMH has been shown taitinhib
activation, such as human, arder to determine whether this could be a contributing factor.

As discussed abovamh expression in mouse preantral follicles in suppressed by the additio

of FSH to the culture mediéSanchez et al., 2010 In Chapter 4 an accelerated system
developed in Ediburgh was tested, in this system FSH is not added to the cortical culture
media therefore it is possible that levels AMH expression by the ovine somatic cells may
have been higher than in those cultured using the Leeds system. As AMH inhibits follicle
activation lower levels of primordial follicle activation could be expecteawever, this is
contrary to what was observed ihe AFC systenChapter 4 and in previous studies by the
Edinburgh group(Telfer et al., 2008McLaughlin and Telfer, 20},0in which higher levels,
compared to the Leeds physiological system were reported. This may be due to species
specific differencesvith respect to the actions of AMKCampbell et al., 2032 Alternatively

the method of tissue preparation or the effect of the culture system on thgression levels
and/or bioavailability of other regulatory factors may also have resulted in increased levels of
follicle activation. The findings in this study could be extended by monitoAMH expression

levels in somatic cells of ovine folliclesroin vitro using theAFCsystem (see Chapter 4) if it

is possible to obtain sufficient numbers of follicles.

The pattern ofFSHRexpression observed in this study was similar to that reported previously

in sheep, in that it was clearly evident from thérpary stage onward¢Tisdall et al., 1995
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Very low levels of expression were also detected in the primordial follicle samples. Levels of
expression were consistently higherimvivofollicles thanin viro, although not significantly,
particularly in secondary follicles. Lower levels FSHRexpression may hinder the
development of IVG follicles once they become dependent upon gonadotrainilation if

culture is continueqCampbell et al., 1999

This study is the first to report the exact patternsiGfFland IGF1Rexpression duringn vivo
growth of ovine oocytes from the primordial to the antral stage. Expression oflkgttand

its receptor remained relatively consistent throughout follicle developmientivoandin vitro
(seeFiguress.5and5.6). When directly compared the levels I@Fland IGF1Rexpressionn

vitro and in vivo fluctuated. Levels offGF1Rexpression in transitional follicles were
significantly lowerin vitro. This may have had an effect on somatic cell proliferation and
therefore follicle developmengPerks et al., 19998Monget and Bondy, 2000 The significantly
lower levels oflGFland nonsignificantly lower levels ofGF1Rexpression observed in EA
folliclesin vitro compared toin vivomay have more of a detrimental effect with respect to
follicle development. This is particularly because IGF1 promd&&HRexpression and at this
developmental stage follicles are becoming dependent upon gonadotregihimulation.
Therefore this may need to be taken into account when developing IVG systems, although
IGF1 and its analogues are often included in the culturédiangsee Chapter 1). Although it
should also be noted that increased leveld@Flexpression in small antral ovine follicles has
been linked to increased levels of atresia. Therefore there might have been a greater

proportion of atretic follicles derigdin vivo(Hastieand Haresign, 2006

Interestingly, thein vivo patterns of expression exhibited dy b | I b | &and FSTreported

here are quite similar in that expression increased from the primordial to the transitional
stage, decreased at the secondary stage thebsequently increased following cumulus cell
differentiation as demonstrated by the GV CC stage, except in the cakebdfwhere a
further decrease occurred at the EA stage (Bapure5.5). The expression pattern afb | in .

vivois more constant; however there also appeared to be a transient decrease in the level of
expression at the secondary stage, although there was a lot of variability in the data. The fact
that relatively high levels of expression of all inhibin subunits BBdwere detected in GV
oocytes suggests the methods used may have been too sensitive. It is possible that somatic
cell gene contamination of both the GV and MIl oocyte samples could drésen from 2

sources: the first explanation is technical and could be accountedyftindfailure to remove
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all CCs during the denudation process; whereas the second explanation is biological transfer
and is due to the potential to transfer cumulus expressed genes to the oocytes via transzonal
processes and gap junctions which link the 2 cellular compartmerigoandin vitro (Bortvin

et al.,, 2003. In addition, although expression &SThas been detected throughout the
development of ovine follicles, with a slight decrease at theqrelatory stage, similar to that
obsaved inFigire 5.6, the expression of inhibin subunits has not been detected in preantral
follicles (Tisdall et al., 1994 During antral follicle development as increasing amount of
inhibin A production relative to astin A was expectefyoung et al.20129. When the ratio of
Lbtlb | expression was analysed Figure5.9 this was not observed. The pattern of
expression of inhibin subunits is complex and dependent upon the stage of the oestrous cycle
and the level of E2 produced by the follicle, thus hindering the elucidation of expression
patterns (Young et al., 2002 The ratio ofL b t It b | Jkexpression inin vivederived EA
follicles, shown inFigure5.9, was most similar to that observed previously in GCs of small
ovine antral follicles with low E2 concentiat in the FRYoung et al., 2002 Therefore
perhaps it would be useful to repeat the current experiment and determine the levels of E2
present in the FF or spent culture madiWithin the current experimental series the methods

of processing the follicles differed asvivederived samples anéh vitro-derived degenerating
secondary and EA follicle samples were isolated enzymatically and so lacked a basement
membrane and theca laygiNewton et al., 19995 whereas thein vitro-derived preantral
follicle samples were isated mechanically and so contained a basement membrane and theca
layer. This could possibly account for the differences in expression pattetng dbbhserved
betweenin vitro-derived secondary and degenerating secondary follicles, although this may
not be the case as expression of neittheb IndbrL b | has been detected in the thecal layer

of ovine follicles <1lcm diametélagamine et al., 1998 Note that the presence or absence of

a theca layer may have also affected the apparent levels of expressiGf-tdnd its receptor,

as these are expressdiy theca cellgel-Roeiy et al., 1993Qu et al., 2000Armstrong et al.,
2002,

The similarity in expression patterns exhibiteglbb | Lhb | andFSTboth in vivoandin vitro
suggests that some form of common regulatory mechanism exists Hgpge5.5 and 5.6).
This may explain why significantly higher levels of expressidniof, ' b | and FS were
observed inin vitro-derived EA follicles, compared to vivederived (seeFigure5.7). As
inhibin A production is promoted by both FSH and GDF9 it was s a link between the
expression patterns df b lahdFSHRnd ratio ofL b lahdGDF9 Significantly lower levels of

FSHRand GDF9expression inin vitro-derived EA follicles did not however affectb | h
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expression as this was significantly higheinirvitro-derived EA follicles, compared to those

derivedin vivo(seeFigure5.7 and5.13).

It is interesting to note that when stagwatchedin vitro- and in vivaderived follicles were
compared thegene expression patterns displayed fojlicles derived from isolated preantral
culture were more likely to be affected than follicles derived using cortical slice culture (see
Figure5.7). Of the somatic genes analysed, 5 out GABIH, IGF1INI hL b | andFSJwere
statistically different (p<0.05) when the vitro-derivedEA folliclesgrown from the secondary
stage in isolated culturerere compared toin vivederived EA follicles. This may be because by
isolating folliclesand culturing indvidually rather tharin situthe follicles are provided with an
environment that is even more different from that viva Alternatively removal of the theca
layer when enzymatically isolating secondary follicles may have affected the levels of gene
expression inn vitro-derived EA follicles compared ito vivederived EA follicles. As discussed

in Chapter 1, theca cells psmss receptors for inhibin, activin and IGF1 therefore it is possible
GKFG AFNBVIXSD2E f AO0f S& LINPRAzOG A 2 v -repufatedi Rea S F I
expression ofFSThy GCs may also have been affected as this factor is involved in the

reguation ofthe actions ofactivin.

5.4.2 Oocytespecific genes

Expression o&6DF%nd BMP6were observedn vivofrom the primordial to the antral stage in
agreement with previous report@odensteiner et al., 199Bodensteiner et al., 200Quengel
et al.,, 2009. The expression dMP15was also detected from the primordial stage vivo
rather than from the primary stage as has been previously repof@alloway et al., 2000
Direct comparison of the expression levels of these ocdgieved growth factorsn vivoand

in vitro was quite revealing. Th&gnificantly lower levels dMP15and possiblyBMP6in in
vitro-derived secondary follicles may have resulted in lower levels of GC proliferation
(Campbell et al., 20Q9in et al., 201 Although the levels dEDF%expression bservedin
vitro were very similar to those observéd vivoin secondary follicles this is unlikely to have
counteracted the potential effects of loBMP15and BMP6expression on GC proliferation as
ovine GDF9without BMP15 is not mitogenifLin et al., 201 In addition levels oBMP15
expression in EA follicles were lower, although not significaintlyitro and were accompanied
by a decrease iGDF3®xpression levels compared to those obseruggivowhich may have a
largely detrimental effect on GC prigliation. Althoughin vitro-matured MIl oocytes derived
following 24 hours of IVM culture @fi vivogrown GV oocytesexhibited high levels d8dMP15

expression this might not be the case when mature MIl gametes are derived from IVG EA
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follicles as thdevels ofBMP15expression are already lower at this stage thawivederived
equivalent staged follicles. Therefore, this may be an important consideration when
developing IVG culture systems as low levels of BMP15 could result in premature follicular
luteinisation (Juengel et al., 2031 Similarly, lower levels dEDF9expression inin vitro-
derived EA follicles may lead to prematlyréincreased levels of P4 and therefore precocious
differentiation of the follicle(McNatty et al., 200p In a number of species GDF9 has been
shown to be important in terms dhe regulation of CC metabolism in mouse, cow and human
(Colonna and Mangia, 1983ugiura et al., 20Q%u et al., 20085u et al., 2008and potentially
mucification in micgGilchrist et al., 2008 therefore compromised levels of GDiRYvitro may
adversely affecthese processes. This may be of particular importance with respect to energy
requiring processes such as meiotic progression and cytoplasmic maturation, which involve
both the oocyte and CCs, as these may potentially be compromisadvitio-derived mcytes
(Picton et al., 1998Conti et al., 201

Expression ofcdf9 and Bmpl5by mouse oocytgin vitro has been shown to increase in
response to increasing levels of FSH (fromtd@5miUmlY), whereas they were unaffected by
changes in insulin concentrations (10ngmsé.m n > 3)YSanchez et al., 2018anchez et al.,
2011). In order to extend the current investigation and compare the physiological slow growth
system @veloped in Chapter 3 with the accelerated growth system used in Chapter 4 it would
be interesting to monitor changes in expression levelsG@iF9and BMP15in order to
determine whether they are affected by the presence or absence ofifrid culture malia.

Levels ofGdf9and Bmpl5expression by secondary mouse oocyitevitro are affected by the
concentration of alginate gel used as a scaffold, with expression decreasing with increasing
alginate concentration (0.25% vs. 1.5%ao0 and Woodruff, 2033 This suggests that the use

of gel matrices may suppres$ise expression obocytespecific genes key to folliculogenesis
and oogenesis. It would be interesting to test this theory by comparing gene expression
patterns of ovine secondary follicles cultured in the absence of support matrices, as in Chapter

3 vs. thoseencapsulatd in a geljn vitro.

Although the levels oBMP6expression in EA follicles were similarvivoand in vitro the
lower levels olGFlexpression irin vitro-derived follicles of this classification may affect the
promotion of the differentiative actiomof FSH by BMRBVebb and Campbell, 20R6Levels of
BMP15and GDF9expression in degenerating secondary follicles did not dififem those

observedin vivg whereas levels oBMP6 were lower although no different from levels
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observedin vitro. In contrast, relatively high levels @DF%®xpression were detected in GV CC
and MII CC samples. AlthouBMP6expression in mice has be@reviously detected in GCs,
expression of neitheBMP15 nor GDF%has been detected in the somatic follicular cells in any
specie(Elvin et al., 2000 Low levels oBMP15and BMP6expression relative to that observed
in other samples were detected in both GV CC and MIl CC samples. In additiis tte
detection of BMP15expression in primordidblliclescalls into question the validity of these

results.

Zona pellucida formation occurs at the primary stage in mice and hurfZamboni, 1974
Epifano et al., 1995 however, in this experimental series expressiorzBPwas detected in
ovine primordial follicles, indicating a possible spesigscific difference. The expression of
ZPZhas, however previously been detected in primordial humairicfe analysed using similar
methods of sample preparation as used here suggesting that the previously reported
expression patterns may be due to differences in sensitivities of the methods(dsettiss et

al., 2002. Levels ofZP2 expressionin vivo significantly increased at the primary and
transitional stages suggesting that #&are the main stages at which ZP formation occurs in
sheep. As the level @P2expression is very high in primary follicles it is possible ZIfgwas
detected in primordial samples because they were contaminated with primary follicles. As the
expression of a number of other genes, includBigP15 IGF]1 IGF1Rand IGF2R has been
detected in primordial follicles when previous reports have evideribed expression from

the primary stage at the earliest (see Chapter 1), this further suggests that there may have
been some contamination of the primordial follicle samples with primary or EP follicles as the
primordial and EP follicle populations arestmost difficult to classify accurately. LevelZBPR
expressionin vitro were consistently lower than those observéd vivg to a statistically
significant level in the primary and secondary follicle samples (p<0.01). Thenefoito-
derived ovineoocytes may not exhibit adequate ZP formation and this may lead to fertilisation
problems. In mice and humans ZP2 acts as a secondary sperm receptor and is not involved in
the acrosome reactiofWassarman, 1988 Furthermore, the use of ICSI may overcome any
potential problems. Despite this alterations in gene expmssevels by the oocyte indicate

that culture conditions are not optimal.

Details regarding the expression patternskgdXO3luring folliculogenesis in sheep have not
previously been reported. In the current experimental seR€XO2&xpression was observed

throughout follicle developmenin vivo (seeFigure5.11) and high levels of expression were
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observed in MIl oocytes (sdéigure5.12). Consistently higher levels 6OXO3xpression
were observed inin vive compared toin vitro-derived follicles This could be one of the
factors that results in higher Vels of primordial follicle activatioim vitro compared toin vivo

(Liu and Lehmann, 2006 The expression pattern &TSTin vivo(seeFigure5.11) is similar to
that reported in murine, human, bovine and ovine ovarian follicles in that expression was
detected from the primordial stage then onwards throughout development, with the highest
levels of expression observed in the GV ooditi®tz et al., 2009 u et al., 2009Liperis et al.,
2013 Liperis, 2014 The fact that lower levels @& TST1vere consistently observeth vitro
compared toin vivg particularly in primary (p<0.01) and second§py0.05) follicle samples
indicates thatin vitro culture conditions were not optimal resulting in aberrant oocgfeecific
gene expression. ASTSFhas been implicated as being involved in the poabscriptional
control of RNA processing and storaagewell as translatinal regulation thesg@rocesses may

be disrupted irin vitro-derived oocytegLiperis etal., 2013 Liperis, 2011

In contrast to that observed with somatic ceppecificgenes thein situ culture of preantral
follicles appeared to affect the expression of ooegfecific genes. Sigitiint decreases
(p<0.05) inzZP2, GTSF1, BMR®d BMP15 expressionwere ob®rved inin vitro-derived
secondaryfollicles and inZP2 and GTSFlexpression inin vitro-derived primary follicles
compared to theilin vivoderived counterpartgseeFigure5.13). This suggests that the oocyte
is more sensitive to changes in culture conditiomshe early stage of follicular development

than the somatiecells of the follicle.

5.4.3 Imprinted genesand genes involved in the regulation of epigenetic modifications

In this experimental series the expression patterns of odNMT1oand DNMT1s in vivavere
determined (sedrigure5.15). In agreement with previous research expression of both genes
was detected in both ovine oocyte and somatic cell samfdlaglor et al., 2009 Expression of

both genes was also detected throughout follicle development with highest levels of
expression being recorded for GV oocytes. Levels of expression of both genes were also
slightly elevated in secondary follicles anfl DNMT1s0nly in the transitional and GV CC cells.

The expression oDNMT1oin all in vitro-derived samples was relatively low, except in
degenerating secondary follicles, although as could be expected there were high levels of
variation in this group (sekigure5.16). Slightly elevated levels were observed in MIl oocytes.

In contrast, the level of expression BINMT1swas highest in EA and MII oocyite vitro-

derivedsamples. Wan directly compared levels @NMTloexpression were similan vivo
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and in vitro with the exception of the secondary follicle samples in which higher levels of
expression were recordeiah vitro, albeit the differences were not significant (p>0.05). lLeve
of DNMT1sexpression were significantly higher (p<0.05) in EA follicle samiplegvo

compared toin vitro.

As discussed in Chapter DNA methyltransferases are key enzymes with respect to the
establishment of imprinting marks as well as the mamatece of thesgReik et al., 2001
Increased levels of expression Bhmtl have previously been reported im vitro-derived
mouse embryos, compared tm vivederived (Wang et al.,, 2006 The enzyme DNMT1 is
essential for the maintenance of the maternal imprint in oocytes and preimplantation embryos
(Hayward et al.2003 Taylor et al., 2009 Therefore the differences in expression levels
observed in the current study may lead to alterations in methylation patterns as the lower
levels of DNMT1lsexpression levels may result in the maternal imprint not being adequately
maintained thus resulting in aberrant expression of imprinted genes throughout oogenesis and
embryonic developmen{Reik et al., 2001Goll and Bestor, 2005 It is possible that the
decrease in levels @NMTloexpression may be embryonic lethal as this has previously been
observed in mutanDnmtlmice(Li et al., 1992 It is interesting to note that the higher levels

of DNMT1sexpression inn vitro-derived EA follicles were accompanied by lower levels of
expression of all imprinted genes analysed vitro than in vivg to a lewl approaching
significance with respect ti5F2(p=0.076))GF2Rp=0.133) andMEST0.090) and significantly
with respect toH19 (p=0.001). Therefore, it is possible that aberr@XIMT1sexpression
affected the expression of these other imprinted gemeitro, which is concerning as these
genes are important regulators of normal oogenesis, folliculogenesis and embryoggnesis

al., 1993.

This is the first investig@an to document the exact pattern diGF2and IGF2Rexpression in
preantral ovine follicles. Expression of both genes was detected throughouitvo follicle
development, shown irFigure5.15. Expression ofGF2decreases with progressive follicle
development as has been described previoushastie and Haresign, 2006 The levels of
IGF2Rexpression remained relatively constant throughout follicle development. Similar
patterns of expression of both genes were obserireditro, shown inFigure5.16. Surprisingly
high levels of GF2andIGF2Rvere detected in the GV and MIl oocyte. When the level&éR
expressionn vivoandin vitro were directly compared differences fluctuated in the preantral

stage, however, at the EAtage expression was highein vivo to a level approaching



228

significance (p=0.076). As significantly higher level&Bexpression have been detected in
healthy compared to atretic small ovine follicles (<2mm) this suggests that there was a higher
proportion of atretic EA follick in thein vitro-derived sampleg¢Hastie and Haresign, 2006
Throughout development levels ¢G&F2Rexpression were consistently highier vive than in
vitro-derived follicleshowever not to a statistically significant extent. Changes in expression
patterns of Ifg2 and Igf2r have been detected in numerous studies as a result of embryo
culture in the mousgKhosla et al., 20010hno et al., 2001FernandezGonzalez et al., 2004

and sheep(Young et al., 2001 Reduced levels dGGF2Rexpression, resulting from aberrant
imprinting, have previously been associated with large offspring syndrome (LOS) in ovine
foetuses, therefore it is possible thads techniques progresshe sliditly reduced levels of
IGF2Rexpression observed im vitro-derived oocytes may subsequently result in LOS if the
oocytes are successfully fertilisefroung et al., 2001 One of the roles of the IGF2R is to
regulate IGF2 levels via the endocytosis and degradation of excess extracellulfcUGHg

et al., 1995, therefore the reduced levels ¢&F2Rexpression may have resulted in increased
circulating levels of IGRQit would be interesting to repeat the process of IV@lassay for
levels of IGF2 to determine whether this is the case. As discussed in Chapter 1, it has also been
postulated that BWS in humans may result from excé&&2 levels during human
embryogenesigEggenschwiler et al., 19P7 Studies in mice suggest that the increase in IGF2
levels may be a result of reducddf2r and H19 expression(Eggenschwiler etla 1997%.
Abnormal patterns of methylation of thEsF2Ryene have also been observed in patients with
BWS that were conceived using ARRR@gssignol et al., 2006 Therefore the reduced levels of
IGF2Rexpression observed in the current experimental series are concerning in terms of the

potential subsequent effect on the health of embsyderived from IVG oocytes.

The expression dIESTwas highest in transitional folliclés vivqg and was also high in GV
oocytesin vivg as shown irFigure5.15. A similar pattern of expression was obsenedsitro

except that highest levels of expression were observed in secondary follicles. High levels were
also observed in MIl oocytes (s€@gure5.16). Direct comparison of expression leveldnn

vivo- andin vitro-derived samplesevealedsignificantly higher levelsf expressiorin in vive
derived primary (p<0.01) and transitional (p<0.05) follicles. Previous wordenung the
methylation patterns ofn vitro-derived humans embryos has shown a considerable degree of
variation inMESTmethylation patterns which is of concern as aberrant expression has been
linked to SRS, altered growth patterns and cancers, inclutbfarectal and lungHuntriss et

al., 2013 Koza et al., 2006 In the aforementioned study authors propose that the variation in

methylation patterns may also be observediinvivederived embryogHuntriss et al., 2013
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Therefore it is interesting that in the current study differences in patternBlBSTexpression

were observed between thim vive andin vitro-derived samples.

Subfertility/infertility and the use of ARTs have been linked torattens inH19 methylation

and expression.Alterations in expression patterns éf19 have been observed in humerous
studies as a result of embryo culture in m{@®mherty et al., 200Khosla et al., 20QLane and
Gardner, 2008 Additionally gain of methylation of the19 gene has been linked to both
ovarian stimulation and subfertility/ infertilityn humans(Borghol et al., 2006Al-Khtib et al.,
2011). Obsevations regarding the effect of IVF and ICSI on the methylation statd$Qiiave

not been consistent with gain of methylation, loss of methylation and no change in
methylation being observed in different studi@enomme and Mann, 20)2 In the current
investigation the expression ¢f19was highest in transitional follicles vivowhereasin vitro
levels were consistently high throughout preantral follicle developmeaeFgures5.15and
5.16). Significantly lower levels of expression were observed ifoliélesand MIl oocyts

and CCs than preantral follicles vitro (p<0.05). When compared directly to levels of
expresan in vivg shown inFigure5.17, the level of expression in EA follicles was significantly
lower than that observedn vivo (p<0.01) As bothMESTand H19 have beeimplicated as
important regulators of embryonic development and aberrant expression has been linked to
the incidence of epigenetic disorders the fact that vitro-derived follicles exhibit altered
expression patterns is a potential cause for cong@&agami et al., 20QThopra et al., 2010
Additionally, asH19 regulates the expression diGF2and IGF2Rit is possible that the
significantly lower levels of expressionk19 in vitroare the cause of the lower levels l&@F2

andIGF2Robservedin vitro.

As discussed above it may be a concern that the expression patterns of imprinted-dleaes
have ben linked to the incidence of epigenetic diseases and LOS when aberrantly expressed
differed in numerousn vive andin vitro-derived equivalent follicle samples. It is possible that
the changes in expression patterns of these genes may be a resalieofant imprinting.
However, as discussed in Chapter 1, previous research suggestisettméchanisms by which
DNA methylation patterns are established are quite robust in murine and ovine models.
Sudies in mice have shown that the methylatigratterns of Igf2 and H19in MIl oocytes
grown in vitro from the secondary stage were not affected under normal culture conditions
(Anckaert et al., 2009a Furthermore, when follicles were subjected gaboptimal culture
conditions such as the addition of high levels of FSH (180itéimpared to 10iUt) to the
culture meda> 2 NJ SELR &dz2NB (2 AyONBIF&aSR tSgSta 27

days culture) and significantly reduced level&€@faind P4, induced by culturing under mineral
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oil, this did not affect the methylation of the aforementioned gen@nckaert et al., 2009a
Anckaert et al., 2009bTrapphoff et al., 2010 In addition embryos resulting from the
fertilisation of in vitro-derived oocytes also exhibited normal methylation of the
aforementioned gene¢El Hajj et al., 2001 Similarlyovine oocytes grown from the preantral
to EAstagesin vitro displayed normal methylation patterns ¢6F2Rand H19 (Barboni et al.,
20117). Nor were the methylation pattes ofIGF2Ror H19affected following the IVM of ovine
oocytes(Colosimo et al., 2009 Conversely, although culturing in the presence of reduced
levels of methyl donors did notffect the methylation levels ofgf2 or H19 in murine MlIi
oocytes grownin vitro from the secondary stage, the methylation levelsMést decreased
(Anckaert et al., 2020 In order to establish whether the changes in gene expression observed
in vitro relative to in vivowere due to aberrations in the imprinting process it would be
interesting to extend this investigation in order tetermine and compare the methylation

patterns of these genes stagematchedin vitro- andin vivederived follicles.

When the expression patterns of imprinted genes were compared betweerive and in
vitro-derived counterpartonly MESTwas significantly affected by the situ cortical culture
conditions, as lower levels of expression were observeih imitro-derived primary (p<0.01)
and transitional (p<0.05) follicles compareditovivaderived counterpartseeFigure5.17).
Isolated preantral culture of follicles resulted in a significant decrease (p<0.0H1®h

expression and a significant increase (p<0.0R)NIMT1sexpression.

5.4.4 Future work

Due to the small number of replicates there was a large amount of variability in much of the
data presented here therefore in order to determine whether the differences in expression
patterns observed between follicular stages aindvive and in vitro-derived samples were
significant it would be necessary to increase the number of independent replicate samples
analysed at all stages of development as well as and inirtheive vs. in vitro-derived
follicle/oocytes analyses. The quality of the data doalso be improved by altering the
sequences of some of the more sensitive primers to ensure expression patterns are being
interpreted correctly. As mentioned above the expression of numerous genes at the
primordial stage contradicted previous reports,ggesting that the methods used in this
chapter may have resulted in the amplification and detection of cDNA that did not result from
the target gene. Reducing the number of RT PCR cycles from 40 to 35 may reduce the risk of

this in the future. Furtherma, repetition of samples in which contamination may have
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occurred would be necessary. In addition it would be interesting to extend the culture series
in order to generatdn vitro-derived samples of follicles and oocytes of all stages which have
developeal from the primordial stagén vitroi.e. to complete the growth trajectory ah vitro
derived follicles and oocytes up to mature stagesl thento progress thegametesso derived
through IMM. In addition, the comparison of IVG MIl oocytes with both IVM MIl oocytegand

vivomatured MII oocytes would be very valuable in order to extend this field of research.

Ultimately, the comparison of ful gene expressiorpatterns (for example, usingiext
generation sequencing techniques such as RB\(Yan et al., 201)3as well as DNA
methylation analysis (for example, using pyrosequencing techniques) (El Hajj et al., 2011,
Huntriss et al., 2011) between embryosrived from i) IVG oocytes, ii) IVM oocytesiiiiyive
derived oocytes matureah vitro, iv)in vivederived MIl oocytes fertiliseth vitro as compared

to v) in vivederived ovine blastocysts would be conducted in future experimeimthole
methylome analysis is extremely challenging in oocytes and preimplantation embryos due to
the very small amount of genetic material presemrogress has been made using reduced
representation bisulphite sequencing (RRBS) in murine oocytes and preimplantation embryo
as it is easier to obtain much larger numbers of murine oocytes/embryos (Smallwood et al.,
2011). Some progress has been made regarding the use of this technique to analyse the whole
methylome of small numbers of pooled and even single human and bdWestocysts
(Huntriss and Picton, unpublished data), the use of this technique to analyse the methylome of
single or small numbers of oocytes of larger mammals and humans is highly challenging, due to
the low amount of DNA availableAdaptations of the RBS technique have however been
used recently to assess the methylome of single embryonic stem cells, suggesting oocyte
whole methylome analysis is feasil§téuo et al., 2018 In addition it would be a great benefit

to perform a more detailed experiment by exiding the studies to compare the full gene
expression patterns and complete methylome of stage matcinedive and in vitro-derived

ovine oocytes.It would also be essential to extend this work to the analysis oftro-derived

human oocytes beforthese gametes can be used therapeutically.

It is interesting to note that the expression of the majority of gem&llii FSHRIGF1 IGF1R
LblhE Lbli!s %tHE D5ChPE D¢{ CmMZ and®NMTpswasCh - h o
higherin vivothan in vitro in stage-matched follicles. One possible explanation for this could

be a difference in mean follicle size, and therefaralifference in thenumber of follicular

somatic cells, between thi vive andin vitro-derived samples. Unfortunately the diameters



232

of the follicles samples collected were meicordedin thischapter. The diameters dhf vivo
and in vitro-derived secondaryfollicles were recorded in Chapter 3, however, and therefore
could be used as an indicator of whether there was likely to be arelifée in size dependent

on derivation. There was, however, no statistical difference (p>0.05) in the mean follicle

diameter of in vive and in vitroRSNA 3SR &SO2yRINE F2ff A0t S&asT HMT

HMPPppMA®p>Y oyl mcoOI NBaslisdalisiod Siffededre (p0P5) iIh RRA G A 2 Y

.Lj
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vitro-derived secondary follicles, respectively. Therefore the possibility that the similarities in
follicle size may be coraling a difference in follicular somatic cell number due to differences
in the oocyte diameter can be ruled out. It is, however, possible thatrthévo andin vitro-
derived follicles used for the current chapter did differ in size, therefore it maywbrth

repeating the experiments and measuring the follicle and oocyte diameter of all samples.

One of the aims of the current chapter was to determine which genes would be most useful as
molecular markers of normality. Genes that display discrete pagteof expression

throughout follicle development would be usefyin the current investigation these included;

lal X LblhhXE Lbli!x C{lwX LDCmwXZ C{¢X %tHZ D5ChpZ
and DNMT1s Genes that display interesting differencesentin vive and in vitro-derived

stagematched samples are compared are also likely to be useful markers as these are the

genes that are sensitive to changes in the environment in which they are geowwnthe

current investigation these include&MH, IGM~X LDCmMwX LblPMPX Lbli !X C{¢X
BMP6, BMP15, MEST, H19, DNMahd DNMT1s Although the expression patterns of a

number of genes!(al Lbl "X L bl IGDERBMPEahdBMP1] vary a little from

what has previously been reported alterations to the techniques used (discussed above) may

alleviate these problems somewhat. Therefore, in conclusion, the genes identified as the most

useful as molecular markers of normality a®MH,L DCmMwX Lbl h X Lbli !X %tHZ
BMP6, BMP15, MEST, H19, DNMai@DNMT1s

5.5 Conclusion

The first aim of this experimental series was to define molecular markers of normal follicle and
oocyte development by examining the expression patterns of 20 candgdatesimplicated in

the regulation of folliculogenesis, oogenesis, embryogenesis apdriting establishment and
maintenancein vivaderived ovine oocytes and follicles. For a number of the genes analysed

the expression patterns had previously been reported, however, this is the first report of the

D¢
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pattern of IGF1 IGF1IRINH, INH | L b B, ZP2, FOX0O3, GTSF1, DNMT10, DNMT1s, IGF2,
IGF2R, H18nd MESTexpression throughout preantral and antral follicle development in the
sheep. As expression patterns of some genes, suéivikédiffered from previous reports it is
possible that the methodsised in this experimental series were more sensitive than those
used previously. It is also possible that the methods used were too sensitive. The expression
patterns of these genes in oocytes and follicles derivedtro usinga longterm, physiologial

culture system is also reported. The direct comparisom @fve andin vitro-derived samples
revealed significant changes in the expression patteriS\ifl, IGF1, IGFIRIH',INH ! ¥ C{ ¢ X
ZP2, GDF9, GTSF1, BMP6, BMPIVT1o, DNMT1s, H18nd MESTin at least one
developmental stagealthough further replicate analyses are needed it would appear the
expression of a large proportion of the genes analysed was adversely affected by the culture
conditions to which the oocytes and follicles were exposBifferent stages of follicle culture
appeared to have different effects on gene expression patternsgnasitu culture mainly
affected the expression patterns of oocydpecific genes, whereas isolated preantral follicle

culture mainly affected the expssion patterns of somatic cedpecific genes.
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6 Use of Follicle Culture as a Tool to Quantify the Impact of Cryoprotectant

Perfusionfor Whole Ovary Perfusion

6.1 Introduction

The development andptimisation of IVG techniques as a means of fertility preservation has
been investigatd in the first 3 experimentalhapters of this hesis. It is important to note

that underpinning these techniques is the cryopreservation of ovarian tissue, withbighw
these techniques would be of no use. In some patients the cryopreservation and subsequent
autotransplantation of thawed ovarian tissue without the combined use of IVG techniques is a
potential suitable means of fertility preservation for women wittinpary ovary insufficiency
(POI) or women requiring sterilising treatmef@onnez et al., 20130nions et al., 2013 In

some patients, however, it is not possible to autotransplant the ovarian tissue; therefore in
these cases the development of IVG techniques would be of great valuexadraple, fertility
preservation by ovarian cryopreservation and autografting is not suitable for patients in which
transplantation of tissue back to the body following treatment siskintroducing the disease
(Shaw et al., 1996 Ovarian tissue can be easily obtained ldparoscopy and cryopreserved
then, when appropriate, the tissue can then be thawed and transplanted back into the patient
when she wishes to start or complete her fan{iNewton et al., 1996Davidoff et al., 1996

The vat majority of follicles present in the ovary are at the primordial stage and follicles at this
stage exhibit a high survival rate following cryopreservation, due to the fact that they are
relatively tolerant to the proceduréNewton et al., 19960ktay et al., 1998Kim et al., 200
Although when secondary follicles are present they can also survive the fite@reprocess
(Newton et al., 1995 Therefore this techniquis preferable to the cryopreservation of GV
and MII oocytes, which are less tolerant to the cryopreservation procedure, and are unsuitable
for fertility preservation strategies in prepubertal girls. The development and optimisation of
WOCP techniques witd be a highly beneficial alternative to the traditional methods of
cryopreserving then transplanting fragments of ovarian tissue as this can be wasteful and

result in the loss of a significant proportion of the ovarian follicle reserve.

6.1.1 Ovarian tissuess. whole ovary cryopreservation

The use of ovarian tissue cryopreservation anthotopic transplantation has resulted in the
transient restoration of ovarian function in numerous patients, in some cases enabling
pregnancy and live birtlas discussed inh@pter 1 (Meirow et al., 2005Demeestere et al.,

2007, Andersen et al., 200®emeestere et al., 20]1Jadoul et al., 201@onnez et al., 2012
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Revelli et al., 2013 However, longerm restoration of ovarian function using this technique is
unlikely due to the low number of follicles transplanted back into the patient compared to the
follicle reserve prior to treatmen(Baird et al., 1999Salle et al., 2003 The follicle reserve is
initially reduced simply because only the follicles present within ghee of cryopreserved
tissue are transplanted back into the patient. The follicle reserve is further reduced by the
cryopreservation and transplantation processes. A histological comparison of fresh and
frozenthawed slices of human ovarian tissue releebano significant differences in the number

or proportion of primordial and primary follicles, until the tissue was transplanted into SCID
mice when the follicle density in the froz¢hawed tissue decreased significantly compared to
the fresh tissue gra$ (Nisolle et al., 2000 These findings support theypothesis that the
period of ischaemia to which the ovarian tissue is subjected following transplantation of the
graft and prior to revascularisation is the major cause of follicular reserve depi@inton

et a., 1996 Liu et al., 2002Israely et al., 2004Israely et al.,, 2006 For these reasons
transplantation of frozeshawed tissue is only a viableption, with respect to fertility
preservation, for younger women, as the follicle reserve in the ovaries of women over 35 years
has already been depletediue to reproductive ageingto such an extent that there would be

too few follicles present in isles of ovarian tissue to restore ovarian function for a significant
period of time(Onions et al., 2003 In contrast the use AVOCRechnigues overcomes some

of the problems associated with ovarian tissue slice cryopreservation as the entire follicular
reserve is cryopreserved and then transplanted back to the patient. Therefore although
follicular loss may still occur following fraag and thawing and transplantation a greater
number of follicles are still transferred and fewer follicles are lost as a result of ischaemia
following transplantation. Indeed, if both the whole ovary and its vasculature is cryopreserved
the level follimlar depletion as a result of ischaemia is significantly reduced as the graft can be

immediately revascularised via surgical anastomfi3igons et al., 2009

There are a number of challenges associated with WOCP. Whole ovary cryopreservation
requires praection of the tissue via the use of a CPA suitable for the range of cell types
comprising both the ovary and its vasculature. DMSfien used for whole ovary
cryopreservation (Onions et al., 20Q090nions et al., 2013 and will be used in this
experimental seriesasit has a relatively high permeation rate at low temperatures and is
suitable for he range of ovarian cell type@Newton et al., 1996 Newton et al., 1998
Histological evaluation of ovine ovarian tissue, with respect to the proportions of healthy and
degeneratingoocytes present following exposure to various CPAs including; DMSO, PROH, EG

andglycerolat 1.5M and 3M concentrations; and subsequent cryopreservation, revealed that
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1.5M DMSO exposure was the least detrimental to follicle and oocyte héggdthtos et al.,

2006). Additionally whereas EG and PROH were found to be genotoxic to Chinese hamster
ovarian cells, in that e & dzZNBX O dza SR W5b! RIFYlF3S f SAYRAY I |
et al.,, 2010. Prior to cortex cryopreservation slices of ovarian tissue are soaked in CPA to
allow tissue permeation via diffusion. This CPA has also been utilised sfultgegduring
WOCP in rodents where orthotopic transplantation of frozkawed ovaries has resulted in

the restoration of fertility, although decreases in the follicle reserve resulting from ischaemic
damage were reportedHarp et al., 1994Candy et al., 20Q0rin et al., 2008 However, this
method of permeating the ovarwith CPA by diffusion is not suitable for larger mammals as
their ovaries are too large and would therefore have to be exposed to the cytotoxic CPA for a
long period of time to ensure full permeation. This could be highly detrimental to the tissue.
Partal permeation would also be highly detrimental as this may allow ice formation to occur
during the cryopreservation procedu@/olfe and Bryant, 199®Meryman, 2007J. This can be
overcome by perfusing the ovary with CPA via the cannulation of the native vaseulatur
supplying the ovary resulting in a shorter CPA exposure time. This was first carried out in
sheep byBedaiwy et al. (2003 and has subsequently been used (@nions et al., 2008
Onions et al., @09, Onions et al., 201Arav et al., 2010 The ovine model will be used in the
current investigation as it similar to human with respect to the size of the ovaries in girls and

the fibrous nature of the human ovafGosden eal., 1994 Onions et al., 2008

There have been a number of successfubiaipts at transferring whole fresh ovaries in sheep
and humansresulting in therestoration of ovarian functiorfJeremias et al., 200Zourbiere

et al., 2009 Mhatre et al., 2005 Imhof et al., 2006 Laufer et al., 2010 Furthermore,
autotransplantation of ovariethat had been cryopreserved using slénezing methods then
thawed, into ewes resulted in limited restoration of ovarian function and in one case a
spontaneous live birth 545 days afteansplantation(Bedaiwy et al., 2003mhof et al., 200%
However, majordepletion of the follicle reserves was observed in the freteawed ovaries.
Following transplantation a comparison of perfused fresh and frahawed ovine ovaries
NEOSEFESR WaAYAfI N F2ft A0t S (Ofoasietal, 2009 IR thiSy R2 O N
study the fresh ovaries were perfused witllh medium plus 10% FCS, not CPA. This suggests
that the large loss of folliclesan be attributed to the perfusion and cannulation techniques, as
opposed to the cryopreservation techniquasd use ofCPAper se as shown by the use of
fresh ovary controls Although longerm patency following cryopreserved whole ovary
grafting has been achieved, damage to the microvasculature, caused by the perfusion process,

is probably a major contributor to the Higlevels of follicle depletioiiOnions et al., 2009
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Indeed, a recent study has shown that whole ovine ovary cryopreservation and perfusion
procedures can lead to alterations in the expression levels of numerous endothelial cell
related genes, including tlse associated with vascular tone regulatory pathways (e.g
endothelial nitric oxide synthase), endotheliET-1 and EF2 as well as alterations to
expression levels of genes which lead to increased levels of apoptosis, -eegulation ofBax
(pro-apoptotic) and dowrregulation ofBcl2 (anti-apoptotic) (Onions et al., 2013 However,
ovarian function and full vascular patency has been reported in ewes 6 years after the
orthotopic transplantation of whole frozethawed ovaries, using slefreeze protocolgArav

et al., 2010. In this study the ovary was perfused with 1.3M DMSO for only 3 minutes. This
may explain the longerm restoration of fertiliyy, although it should be noted that novel
multithermal gradient freezing methodologyvas utilised in this study, unlike in the
aforementioned examples. In conclusion it is necessary to minimise the length of time spent
perfusing the ovary with CPA indar to reduce the level of damage to the vasculature during
preservation. One of the aims of the current experimental series was therefore to use follicle
culture as a tool to determine the minimum perfusion period required to fully permeate the
ovary with CPA prior to WOCP by slow freezing whilst retaining maximal follicle and oocyte
viability. Nuclear magnetic resonance (NMR) spectroscopy wastosdicectly quantify CPA

permeation. The basic principles of NMR spectroscopy are covered in Seétidn

6.1.2 Basic principles of NMR spectroscopy

NMR spectroscopy enables the determination of the composition eosample via the
measurement of energy absorption and exsion of nuclei within the sample when a magnetic
field is applied externally. The information regarding N&pgectroscopy provided in this
section has been adapted fromRavia et al. (20Q1and Lambert and Mazzola (20P4 Some
FG2YAO ydzOf SA LINRPOS&aa I LINRPLISNIe OFftSR WaLAyQ Iy
In the absence of a magnetic field all the spin states given nucleus are of equal energy with

an equal number of atoms occupying each of the spin states. Charged nuclei generate a
magnetic field when spinning and possess a magnetic moment. When an external magnetic
field (B) is applied,n the directionof the z axis, the magnetic moments of the nuclei will
precessin either the same or opposite direction ag, Bz or¢z, respectively. The nuclei
opposed to B(-z) will be in a higher energy state and the nuclei aligned wjtt¥B in a low
energy stag. The greater the external magnetic field the greater the energy difference
between the spin states. Nuclei have a tendency towards the +z precession in the presence of

By therefore more nuclei will be in a lower energy state. The processional mofiadheo
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magnetic moment around Boccurs with angular frequency, known as Larmor frequency.
Note that Larmor frequency is directly proportional By. If a second magnetic field {Bis
applied at a radio frequency equal to that of the Larmor frequendh®iuclei this results in a
spin state change. Nuclei aligned witfaBsorb energy and change to the opposing spin state,
whereas nuclei opposed tg, Bmit energy and change to the aligned spin state. As there is an
excess of nuclei in the spin statégaed with B there is a net absorbance of energy, known as
resonance, which can be detected electronically. Nuclei in different environments will absorb
radio waves at different frequencies; this allows the determination of the structure of a

compound.

X X X

Figure6.1 Diagrammatic representation of the effect of the application p&Bd B on the net
magnetisation (M) during NMR spectroscopyApplication of B results in net M in the
direction of the z axis (a). A 9B, pulse results in alignment of M with the y axis (b). Over
time (M) in the direction of the y axis decreases and subsequently increases in the direction of
the x axis as a result of sdeitice and spirspin relaxation (¢). Diagram adapted from
Lambert and Mazda (2004.

The excess nuclei in the lower energy spin state are excited to the higher energy spin state via
the application of pulses of;B In an NMR experiment when, B applied there is a net
magnetisation (M) in the direction of the z axis, doghe excess of nuclei in the +z spin state
(see Figure6.1). As the spins are randomly distributed about the z axis there is no net
magnetisation in the x or y diction. However, whenBs applied along the x axis, at a radio
frequency equal to the Larmor frequency of the nuclei, some of the excess nuclei are excited
to the higher spin state thus a force is exerted on M resulting in it tipping towards the y axis.
This can be detected electronically. During a pulsed experimeig Bulsed for a sufficient
length of time to align M with the y axis (a®pulse), at which point M can be detected.

al 3ySGAalrdAaz2y RSOI-BB G AN A ghaBatiosakealtyy dnLaA v

decrease in y magnetisation with time, referred to as free induction decay (FID). Spin lattice
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relaxation is the reappearance of M along the z axis and is characterised by time constant T
Spinspin relaxation decajs the of magnetisation along the xy ax@énd is characterised by
time constant 3. In order to analyse the FID signal it must be Fourier transformed. Fourier
transformation is the numerical conversion of data from the time domain to the frequency

domain (sedrigure6.2).

. (b) .
Amplitude Amplitude

Peak 1,
e.g. water

Time

Peak 2,
e.g.CPA

Frequency

Figure6.2 Diagrammatic representation of the (a) FID signal collected following an NMR run
and (b) data following Fourier transformatioAdapted fromNewton (1998.

Following transformation of data in this experimental series 2 peaks should be observed for
each sample; the water and the CPA; DMSO. Known concentrations of DMSO were used to
calibrate the data to enable quantification of the level d18O present. This enabled the
determination of the level of CPA permeation following perfusion times of 10, 30 and 60

minutes.

6.1.3 Assessment of the effect of CPA perfusion time on ovarian tissue and follicle survival

and developmental potential

As discussin Chapter 1, the exposure of ovarian tissue, oocytes and follicles to CPAs can be
detrimental totheir health, as CPAs have cyic effects(Meryman, 197). There are also

risks that if CPAs are not used at the optimal concentration and/or applied/ removed at the
correct rate their use can cause cell shrinkage prior to cryopreservation and the swelling of
cells once they are thawed and returned hypotonic solutionpossibly leading to cell lysis
(Picton et al., 2000 The use of DMSO as a CPA during the cryopreservation of mature murine
oocytes has led to zona hardening and disruption of the plasma membrane and cytoskeleton

(Trounson and Kirby, 1989 Additionally, histological evaluation of ovine ovarian tissue
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revealed that exposure to 1.5M DMSO resulted in significantly fewer normal preantral follicles
compared to control tissue, which had not beerpesed to any CP{Satos et al., 200%
Furthermore the percentage of follicles in which oocyte damage was observed douainiéd

the percentage with degenerating GCs and oocytes tripled in D&p0Osed tissues compared

to control tissues, as a result of osmotic stress and the chemical toxicity of DMSO. Therefore,
in the current study in addition to direct quantification of ARpenetration by NMR
spectroscopy, the effects of varying lengths of DMSO exposure on follicle and oocyte health
will also be assessed histologically and compared to control tissue perfused with eitber L
medium for an equivalent length of time and tortml tissue that has not been perfused with
either 1.5 M DMSO or-15 mediumwith 10% FCS Follicle survival and growttn DMSO
perfused and control tissuesill be assessed using the cortex culture methodologies detailed

in Chapters 3 and 4. During vitro culture the levelof release of theenzyme lactate
dehydrogenase LOH, into spent culture medi. The enzyme LDH igresent in the cell
cytoplasmand itwill be released into the mediupon damage to the cell membrar{Pecker

and LohmanfMatthes, 1988 Koukourakis et al., 2003In this experimental series the level of
LDH in the spent culture medivill therefore be used as an indicator of the level of ovarian cell
membrane damage caused by exposure to cytotoxic DMSO for varying lengths of time. Details
of the principlesof the assay used to quantify LDH concentrations in spent culture media are

provided in SectioB.2.7.

6.1.4 Aims

The first aim of this experimental series was to detare the minimum perfusion time needed

for 1.5M DMSO to fully permeate the sheep ovarian cortex and the vascular pedicle in whole
ovaries using NMR spectroscopy. The second aim of this experimental series was to assess the
effects of tissue perfusion omé level of tissue damage and follicle and cortex health using the
LDH assay of cell membrane damage in conjunction with NR staining as acute assays of tissue
damage/ health, and 8 day cortex culture and histological analysis to assess the longer term

impact of CPA cytotoxicity on follicle and oocyte health and developmental competence.
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6.2 Materials and Methods

6.2.1 Preparation of guipment

To reduce the risk of contamination all white paper towel referred to in this method was
soaked in 70% alcohol and left toydprior to use. All reisable equipment used to perform
cannulations, dissections and perfusiomas sterilised by soaking 70% alcohol prior to the
tissue arriving in the lab. This includes all cathetengtal guides and thregvay taps.
Following s@kingequipment wadlushed through using a syringayith 70% alcohofollowed

by and excess volume aferile culture water (W3500) to remove any residual alcohol.

6.2.2 Tissue peparation

Ovarian tracts were transported to the laboratory at room temperatuvkere they were

examined orclean white paper towel to enable full inspection. Tracts with both ovaries intact

and with sufficiently large vasculatugeto enable the cannulation to be performed, were

selected. Once selected the uterus and fat were trimmed from the tracts using scissors, with

care being taken to not cut off the ovarian pedicle or any of the ovarian or uterine vasculature.

The tracts wee then washed in prevarmed (37°C) OWM (seection 2.2) to remove any dirt

and transferred into a sterile beaker containing 100iMmIGk 30 KSLI NAYA&ASR wAy3aSNI
(seeAppendixIV). A summary of the protocol used in the current study is provigteBigure

6.3.

6.2.3 Ovarian atery cannulation

Cannulations were performed under laminar flow conditions using a dissecting microscope

(Olympus). Individual reproductive tracts were placed on white paper towel to aid

visualisation and to help hold the tissue in place. Throughout the cannulation procedure the

20 NE YR FNISNE 6SNB 1SLIW KERNIGSR dzaAy3d FTNBaAK
ovarian artey had been identified, a Mersidémm suture needle and prolene/ polypropylene

thread (Ethicon, Somerville, US) were used to tie off any arterial branches which led to the

uterus and/or oviduct. Using forceps blunt dissections were carried out to remmwveective

tissue above and surrounding the artery, with care being taken not to cut through the artery.

The ovarian vein and artery were then separated, thus creating an exposed loop through which

the handle of a scalpel could then be inserted to aidher manipulations by creating tension.
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Figure6.4 Image of an ovine reproductive tract with a cannulated ovarian artdrgage is

taken from(Onions et al., 2008 The cannulation (C) of the dorsal aorta (DA) of the ovarian
artery is shown with the ovary (O), vascular pedicle (VP), and uterine horns (UH), body (UB)
and artery (UA) also labelled.

Using iis scissors a smaltshaped incision of around 116 mm was made in the arterial wall.
Through this incision a vascular catheter with metal guide (Leaderflex 22G (0.7 mm x 200 mm;
Vygon Ltd, Wiltshire, UK) was inserted a distanceppiroximatelylcm into the artery. Once

in place the metal guide was pulled out of the cannula slightly. Two prolene/ polypropylene
sutures (Ethicon) were tied around the cannula and the ovarian artery, just above the entry
point, in order to secure it. In order to ensurbat the cannula had been inserted in the
correct direction which is necessary as the artery is very convoluged that there were no

leaks through arterial branches that had not been tied 8fmis2 ¥ wA Yy 3ISNRa az2ft dziizy
flushed through the cannuland vasculaturaising a sterile syringeia a3-way tap. Once the
cannulation was complete the ovary and vasculature were dissected from the uterus and
placed irto asterile Nunc 90mm Petri distn ice (4°C). This procedure was tlepeated for

the secand ovary othe tract.
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6.2.4 Ovary rerfusions

All perfusions were carried out on iet 4°C. Twayringedriven perfusionpumps (Precidor)

were used in this investigation. The pumps were supplied by ChemLab Scientific Products
(Essex, UK)The pumps were setp as shown ifrigure6.5. Note that although 50ml syringes
were initially used these were prone siicking It was also found that if the syringes were
kept in the fridge for too long before use the rubbsealwould lose some of its elasticity and

the syringes again would be prone to becoming stuck. Aftsntias discovered 20ml syringes
were set-up just prior to use to eliminate this problem. In order to emsthatthe pump was
working correctlysuch that the cannulae were not occluded and that medvas being
pumped through the ovary from the very start of the perfusion time, each time a new syringe

was attached to the pumjt wastestedimmediately prior toperfusionusing a spare catheter.

All perfusbns were carried out on ice at 43@d all solutios used were kept at 4°C until use

minimise the cytotoxic impact of DM8D ¢ KS 2 @ NAS& 6SNB FTANRG LIS
(seeAppendix V) for 10minutes, at a rate of Imimih During the perfusion th&etri dishes

were tilted slightlywith the ovary positioned in the lower half of the dish in the used ra¢di

helpl SSLJ AG Ke@RN}IGSR® C2tft2¢Ay3I LISNFdaAiAa®tyy oAl
was then perfused withtCPA solution containing 1.5M DM@ a rate of 0.5mImit (see

Appendix V) and the other control ovary was perfusedwith Leibovitz 15 medium
supplemented with 10% hednactivated Fetal Calf Serum (FCS), from here on inresféo as

L-15 medium, at a rate of 0.5miniin Perfusions were run fd, 10, 30 and 60 minutes. Once

the perfusion was complete the ovary was transferred to the flow hood, the cannulae
removed and the vasculature trimmed away. The ovaries were ttarsterred to sterile 5ml
universals before processinglwo punch biopsies were taken from the vasculatutsing a

4mm biopsy punch (Glaxosmithkline, Middlesex, UKJ R a G2 NBR A Y R O@A Rdz
0.5ml eppendorf tubes, sealed immediately usingghiém, at -20°C for later NMR assay
analysis (se&ection6.2.9.
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medium + 10% FCS spent medium

Figure6.5 Diagram showing howhe pumps were setip for the ovary perfusion. Pairs of

20 NASa FTNRY (KS alyYS NBLNRRIdOGAGS GNI OGO ¢

solution for 10 minutes, then with (b) either 1.5M DMSO (pink) -46lmedium + 10% FCS
(orange) for 0, 10, 30 or 60 minutes.

6.2.5 Processing of ovariesral culture setup

Ovaies were processed on ice at@, under laminar flow conditions. The ovaries perfused
with CPA solution were processed before those perfused with medium. The ovaries were
dried using sterile tissue before processitig.both seies of experiments a skin graft knife was
used to slice thin sections from the outer cortex of the ovary. Punch biopsies of 4mm
diameter were then taken from the harvestembrtex. The number of biopsies possible to
obtain per ovary varied with ovary sizbetween 7 and 10 biopsies. The maximum number of
biopsies possible was collectedwo biopsies obtained from each ovary wenemediately
GNF YAFSNNBR (2 F tF0StfSR n op¥fwhich WhidSsedaed NJF
immediately using pardm and stored at-20°C for later NMR assay analysis (Seetion
6.2.8. Theremaining biopsies taken from the CPA perfused ovary were washe8nih
solutions of progressively decreasing DMSO concentrgtiodM, 0.5M and OM DMSO plus
0.1M sucrose and 10% FCS 4Hb5Lmedium) in a 5ml universalThis was necessary as if the

discs were placed directly into culture madhis would have caused the ke to swell and

GdzoS O
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potentially burst due to the changes in osmolality. The discs were placed in each solution and
shaken using a midrbital shaker (StuartVWR set at 80revolutions per minute rpm) for
10minutes each, on ice. All biopsfesm the sameovarywere incubated ir500>| of 50>gmil*

NR dyefor 2% hours, the solution had been placed into the incubator 4€3and 5% GQo
pre-warm and gas for 3 hours prior to uge,enable vials follicle quantification (seeestion
2.52.6). Note that phenol redfree basal culture mediwas usedin the current series of
experiments with the same additives as detailedTable 2.1as the LDH assay has previously
been validated for use with sheep cortex and phenol red present in culture media has
previowsly been shown to interfere with the LDH asg@ynson, 200p Of the most follicle

rich biopsies tissue weight was recorded (§eetion 2.6)and4 biopsies were put into culture

(2 biopsies per wellll biopsyc was retainedas an uncultured control anglas transferred to
4%(w/v) PFA (sedéppendixll) for histological analysis (s€ection6.2.9.

6.2.6 Ovarian cortical alture

Ovarian cortical culture was set up as describe@ation 2.7 The only modification in the

present experiments wathat the phenol redfree " -MEMbasal culture medi(Invitrogen)was

used in the cortical culture meali Tissue was cultured fordays, with medi changes being

carried out on days 2 and 5 and the spent naedliH p Aavasktdredin eppendorfs at 4C for

up to 4 weeksprior to analysisusingthe LDH assay (se&ection6.2.70 @ ! Hpn>t al
tissue freemedia was also taken on dayand at the end of culture for usas controlsin the

LDH assay.

At the end of culture the tissue weight was recorded (Seetion 2.6). A note of the general
appearance of the tissue was also made. The tissue was then transferred to NR solution (see
Section 2.5) for an houat 37°Cto enable the assessment of the levelMRstaining and the
number of viable follicles. Note that the end of culture it was often not possible to count

the follicles due to the more intense level NRstaining that was achieved as the tissue had

not initially been kept at 4°C, as at the start of culture. The tissue had also often thiakkeaed

to cell proliferationand/or balled up after culturavhich further hindered follicle countng.
Theculturedbiopsies were transferred to 4%/v) PFA (se@ppendixll) for future histological
analysidollowing NR stainin¢seeSection6.2.9.
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6.2.7 Lactate dehydrogenasassay

The level ofthe enzymelLDHin the spent culture medi can be used as a measure of cell
damage as LDH present in the cell cytoplagill be released into the mealfollowing damage

to the cell membrangDecker and LohmanMatthes, 1988 Koukourakis et al., 2003 The
amount of LDH was measured using an assay kit (Cytotoxicity DetedtidRokhe Applied
Sciences) on an MRX plate reader (Dynex Laboratories Chantilly, Virginia, To&Advel of

LDH in theculture meda was determined using a coumleenzymatic reactiorfseeFigure6.6),

in which LDH catalyses the conversion of lactate to pyruvate resulting in the reduction of NAD+
(nicotinamide adenine dinucleotidéo NADH/H+. The catalyst (diaphorase) present in the kit
then transfers the H/H+ fim the NADH/H+ to the tetrazolium salt thus forming formazan,
resulting in a colour change from pale yellow to red. The level of LDH activity directly
correlates to the level of formazan formed. Formazan absorbs light at a wavelength of around
500nm. Theefore the absorption of the sample at a wavelength of 490nm was measured
using a MRX plate read@Dynex Laboratories, Virginia, USédetermine the level of LDH in

the sample. A reference wavelength of 630nm was useddetermine and subtract

background absorbance

Pyruvate NADH/H* Tetrazolium salt
LDH Diaphorase
Lactate NAD m\
Absorbs light at

500nm

Figure6.6 Summary of the coupled enzyme reaction used in the LDH assay to determine the
level of lactate in the medi Enzymes are highlighted in purple boxes.

Quiality controls(QCs)and standards were prepared as detaileddppendix V. Prior to use

1ml of distilled water was added to the catalyst then stored for up to 1 month°at 4
Immediately prior to the assay 11.25ml of the dye solution (iodotetrazolium chloride and
sodium lactate) was added to 250pl of catalyst to produce the reaction mix. Stancfakd¥H,
ofc2 Yy OSy (i NI G A Ty anvdizpdrodhp! \@Bt> 2! >uthl YR dadd:DH
QCsin 2F 02y 0S¥y NI & &8 ¥WiRm y>tdsmctively, and blanks were
measured in triplicate Test sampleswere assayedin duplicate in optically clear 96 well
microtitre plates (Greiner Bione, Frickenhausen, Germany). Firs@Oul of standard/

sample was added to each walien usingan eightchannel, multichannel pipett@nvitrogen)
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150ul of reaction mixvas added per well The plate was then placed irfal coveredbox to
shield it from light and left for 3@inutes before beingtransferred to the MRX pta reader.

The a&say managemergoftware; Biohx 2.21 (Dynex Laboratories) was usedatmlyse the
data. In total 22 assays were conducted and the intra and inter assay coefficient of variance
(CV) were calculated for QCg lising the formula shown iBguation6.1, values are shown in

Table6.1.

Equation6.1
% / = standard deviation for QCL00/mean for QC

Table6.1 Inter and intra assay coefficients of variation for 22 assays.

QC QC1 QC2 QC3 QC4
Inter assay % CV 12.5 13.2 104 111
Intra assay % CV 14.7 13.7 11.0 11.5

6.2.8 Nuclear magnetic resonancassay

As described in Sectios2.4and6.2.5punch biopsies were taken from the pedicle and ovary
cortex immediately following perfush and stored irdeuterium oxide D,0) for NMR analysis.
Samples were removed from the freezer the night before analysis and left to defrost at room
temperature on amini-orbital shaker (Stuart) set at 1a20rpm to allow equilibration of the
water and CR (if present) between the tissue and@ Following equilibration 3@0 of the
sample was transferred to a fresh eppendorf and [@06f D.O added. Eppendorfs were
inverted to mix then 35Qul of the diluted sample was transferred to a 5mm diameter glass

NMR tube (Wilmad Glass Company, New Jersey, USA).

NMR analyses were conducted in the laboratories of Dr. Julie Fisher, School of Chemistry,
University of Leeds. Assays were carried out as previously described and validated for sheep
cortex byNewton et al. (1998 All the spectra were recorded on a Varian Unity Inova @60
frequency 500MHz). Prior to running the timededld 8 S SELISNAYSydiaz GKS
relaxation times) were measured using an inversion recovery experiment. Spectra were then
acquired over 64 transients with spectral width of 3000Hz in 16,384 pairs of data points,
resulting in an acquisition timef&.5 seconds. The relaxation delay between transients was 10
seconds ad a 20 degree pulse width (218 duration) was employed. The time period for each

transient was approximately 3 times the longest T1 measured. The data were recorded at
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20°C, and wee processed remotely using the NMR package ACD (ACD Labs, Ontario, Canada).
Prior to Fourier transformation the FIDs were Itiplied by an exponential lirbroadening

factor of 1Hz. The area under each peak was measured using the standard procedhires wit
ACD. Calibration data were obtained by recording the spectra of 1.5M DMSO to give a
cryoprotectant to water ratio of 0.0339. A tube containing obBi was also analysed to
obtain a value for the background water signvahich was subtracted from athe water peaks.

The uptake ofCPAwas calculated by dividing the test values by the calibration value. The

detection threshold of the assay was a cryoprotectant to water ratio of 0.00001.

6.2.9 Histological aalysis

All histological arlgses were performedvith the assistance of Mrs Ping Jin, as described in
Sections 2.2.11. The effect of varying the length of perfusion on the integrity of stromal
tissue and follicles was assessed histologically, as described in Section 2.11. Representative

images of god, adequate and poor quality stroma are showrrigure6.7.

Primordial follicle EP follicle Stroma

Figure6.7 Representative images of (a) good, (b) adequate and (c) poor quality stromal tissue.

All follicles are at the primordial or EP stage of development. During histological analysis only

follicles with a visible nucleolus were countedi KS 220&8GS 2F G(KS&as ¥F2ttA0fS
Tissue samples are taken from (a) fmerfused ovary onay 0O, (b) an ovary perfused with CPA

for 30 minutes after 8 days of culture and (c) an ovary perfused with medium for 60

YAYydziSa FGSNJy RIFI&a 2F Odz (ddz2NB o {OFLfS 6FINIT Hn>

6.2.10 Statistical analysis

The distribution of data was analysed for normality gsihe Anderen Darling test. Data was

then analysed across all treatments using -oveey ANOVA and between equivalent tissue



251
al YLX Sa i GKS adFNI O6RIFe@ n0 | yRtesSyTRe LDHRI & vy
assay data presented in Figur@¢® and 6.1 and the mean number of EP and primary follicles

per mg tissie presented inFigure 6.14 was not normally distributed therefore was log

transformed to achieve normality.

6.3 Results

6.3.1 Nuclear magnetic resonance data

In this experimental series ovaries were perfused with CPAl&rmhedium to determine the
minimum length of time required for the CPA to fully permeate the different tissue types in
the ovary and pedicle whilst maintaining cell viability. The relative level of CPA permeation in
0A&aadzS LISNF dza SR ¢ AdinkinutesAofiaivé&dNoin eithedGPA di mmedym T 2 NJ
for 0, 10, 30 or 60 minutes is shownkigure6.8. InFigure6.8 data is separated into pedicle

and cortex samples obtained immediately after perfusion, within these categories data is
subdivided into nolLJSNF dza SR GA&dadz2S 6A PSP (GAaadzS LISNIFdz
perfused with E15 medium for 10, 30 and 60 minutes and tissue perfused with CPA for 10, 30
and 60 minutes. In the pedicle tissue samples there is a clear and significant increase (p<0.01)
in the level of CPA permeation after 10 minutes. Increasing énkigion time to 60 minutes

did not significantly increase the level of CPA permeation suggesting that the tissue was
saturated with CPA after the shortest, 10 minute time period. In contrast in the cortical tissue,

a perfusion length of 60 minutes wasqugred to significantly increase (p<0.01) the level of
CPA permeation over all other CPA infused time points, as well as the time 0 controls and the
L-15 treated tissues. After 60 minutes of perfusion the level of CPA permeation in the cortical
tissue wasnot significantly different (p>0.05) from that observed in the pedicle tissue
suggesting that 60 minutes perfusion was sufficient to allow the CPA to fully saturate the

ovary.

Low levels of CPA permeation were observed in some of the cortical tissueesamwpich

were perfused with 115 medium only indicating that there must have been some eross
contamination with CPA during tissue processing. However, as indicated in Figure 6.7, it is
important to note that the levels of CPA penetration recorded at epetfusion time point

were vary variable between samples and none of the kevetorded were significantly
different (p>0.05) to the noperfused, time O controls. The explanation for this observation is

unclear as no contamination was detected in the egient pedicle samples after-15
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treatment for any length of perfusion. This suggests that limited cortex contamination with
CPA must have occurred when the ovaries were processed immediately following the
termination of the perfusion. The CPA contaminatcould have occurred if the blades used to
slice cortical tissue from the ovary were not changed between the- @Ré\ 15 medium
perfused tissue as it is possible that some residual CPA may have been transferred between
the 2 ovaries as the CPperfused ovaries were always processed first. Therefore levels of
CPA found in the CR#erfused cortical tissue would not have been affected as fresh blades
were always used for the preparation of each pair of ovaries. Alternatively, residual CPA
exposure mayhave been incurred in the tissue processing dish. The latter explanation is
unlikely as although the sani®tri dishes were used to process all of the ovaries recovered on
the same day, the dishes were always wiped dith wierile tissue paper between saies so

CPA carry over is unlikely to have been sufficient to contaminate the samples.
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6.3.2 Lactate dehydrogenase assay data

The concentration of LDH in spent culture madier g of tissue at the start of culture, for
media collected on days 2 and 5 and the end of culture for raedilected on day 8 , was used

as an indicator of the level of damage to the ovarian tissue and follicles following perfusion.
Figures6.9 and 6.1 show that in all treatment groups, independent of perfusion length, the
concentration of LDH in spent culture madhcreased with increasing time in culture, as in all
tissue groups the concentration of LDH was significantly higher (p<0.001) in spena medi
collected on day 5 than day 2 and that collected on day 8 compared to days 2 and 5, with the
exception of the tissue perfused with CPA for 30 minutes in which there westatistical
difference (p>0.05) in the concentration of LDH in raedillected on days 5 and 8, although
there was a significantly higher (p<0.05) concentration than in enxamllected on day 2. There
were no significant differences in the concentratiohLDH in spent med) between different
treatment groups on days 2 and 5 of culture. However, the concentration of LDH in spent
culture meda of nonperfused tissue was significantly higher (p<0.05) than that of tissue
perfused with either CPA or-15 far 10 or 30 minutes, by day 8 of culture. This high
concentration of LDH in the spent culture madf nonperfused tissue after 8 days of culture
was unexpected and after this time frame is likely due to subtle differences/stressors in the
culture enviroment rather than differences in tissue treatment at the start of culture as no
significant differences were observed between treatments after 2 and 5 daysitro.
Furthermore, the LDH concentration in the spent culture raedtillected on day 8 of culter

was not significantly different (p>0.05) in tissue perfused for 10 or 30 minutes. However,
although the LDH concentration in spent medif tissue perfused for 10 minutes was not
significantly different (p>0.05) from that in the spent medf tissue pe&fused for 60 minutes,

the LDH concentration in spent medif tissue perfused for 30 minutes was significantly lower
(p<0.05). It is interesting to note that the patterns of LDH concentration increase with
increasing length of culture observed in the Qf¥&fused ovariesare very similar to tlose
observed in the 415 perfused ovaries within each time category. As counterpart CPA-RRd L
ovaries were taken from the same tract this suggests that the source of the ovary impacts on
LDH release. This cowdtso explain the relatively high concentration of LDH observed in the
non-perfused tissue and why the lowest concentration of LDH was observed in the tissue
perfused for 30 minutes. To aid clarity of interpretation, these results are also presented in
Figure6.10 in line graph form, which demonstrates the strong positive relationship (p>0.05)

between the duration of culture and the concentration of LDH in spent enedi
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Figure6.10 Concentration of LDH present in spent culture naasfitissue on days 0, 2,5 and 8

of culture following whole ovary perfusion with either CPA diSLfor nonperfused control
tissue and tissue perfused for (a) 10, (b) 30 and (c) 60 minudes$a is presented as mean *
SEM for 6 culture repeats. A stig positive correlation (p<0.05) between duration of culture
and LDH concentration in the spemedia was observed in all data sets, analysed using
ANQOVA. The data was also analysed usingweage ANOVA. Statistical differences in LDH
concentrations betwen different lengths of culture, within treatment groups are shown using
different lower case letters (p<0.001) and upper case letters (p<0.05). Note that the statistical
differences observed are the same in Figures (a) and (c) therefore the blacks later
representative of all treatment shown on those graphs, whereas black, teal and white letters
were used in Figure (b) to represenbn-perfused control, CPA and-15 perfused data,
respectively. Statistical differences within culture lengths and betw treatments are
denoted using * (p<0.05).



257
6.3.3 Tissue viability following perfusion

Immediately prior to culture tissue biopsies were incubated in NR dye in order to determine
the number of viable follicles present (séégure6.11). In all treatment groups, with the
exception of the 30 minute CPA perfused group;198% of biopsies contained viable follicles.
Following 30 minutes perfusion with CPA a lower percent@§fo) of biopsies contained
viable follicles, which was due to biopsies obtained from one ovary in which only 37.5%
contained viable follicles. Hence, this highlights the importance of the use of NR staining prior
to cultures to screen for dead tissue dcatissue with depleted follicles counts. Only tissue
biopsies containing viable follicles were used for cortical culture. Following 8 days of culture
tissue biopsies were incubated in NR dye in order to determine the level of tissue viability (see
Figure6.11). The percentage of the tissue biopsy positively stained with NR was scored and
the mean for all biopsies from ovaries treated in the same way was obtainegdrasdnted in
Table6.2. The lowest percentage of NR positive staining was observed in the tissue obtained
from ovaries perfused for 30 minutes with CPA, howevetrikanprior to culture, this was due

to low percentage staining observed in a number of samples.

Table6.2 Mean percentage NR stain of tissue pieces cultured for 8 days following whole ovary
perfusion witheither CPA or-15 for 0, 10, 30 and 60 minutesThe SEM is shown for the
number of repeat cultures indicated. The data was normally distributed and analysis using
one-way ANOVA revealed no statistically significant (p>0.05) differences.

Peafusion L .
0,
Treatment length Y% NR stain in tissue pieces ¢ SEM Number of
: day 8 of culture repeats
(minutes)
Non-perfused 0 6.7 67 -
control
10 78.3 73 5
CPA 30 58.3 12.0 6
60 79.9 6.8 6
10 77.8 6.3 6
L-15 30 90.3 55 6
60 90.0 3.1 5
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Primordial follicles

Primordial follicles

Figure6.11 Representative images of biopsiaier whole ovary perfusiomnd following NR
incubation on days 0 (a and b) and 8 (c and d) of cultlites tissue biopsies in (a) and (c) are
primordial follicle richwhereas the tissue in (b) does not contain any follicles and therefore it
was not used for culture. Due to the intensity of staining in (d) it was not possible to identify
and/or count the number of follicles present after culture, however, the stronsabie in both

(c) and (d) has a relatively high level of NR staining and was therefore considered as viable. In
addition the stromal tissue had proliferated after 8 days culture as the edges of the tissue have
OdzNI SR 'yR GKAO1SYySRd® {OFtS 60FNIT pnn>Yod
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6.3.4 Histological analysis

In this experimental series the effect of perfusing ovaries with either CPA solutioi®r L

control medium on the follicle health and population dynamics in cortical tissue, before and
after culture, was investigated. Three different perfusion times wasmpared relative to

time 0, namely 10, 30 and 60 minutes. Paired ovaries from the same reproductive tract were
first perfusedwithwA Yy ASNRa a2t dziAz2y FT2N) mn YAydziSas GK
15 for the lengths of time stated above. Nparfused tissue obtained from ovaries that were
LISNFdzaSR ¢gAGK wAYy3ISNRa azfdziAazy |t2yS gl a | f
population dynamics were analysed in tissue samples from all treatment groups described
above; obtained on day8 and 8 of culture. A summary of all the types of samples used for
histological analysis is provided ifable 6.3 and the total numbers of follicles of each

classiftation analysed in each treatment group and providedaile6.4.

Table6.3 Summary of all the types of samples ufedhistological analysis.

Treatment Non-perfused tissue Perfused tissue

Medium N/A CPA L-15
Perfusion time 0 10 | 30 | 60 | 10 | 30 | 60
(minutes)
Day of culture 0 o|s|lo|s|o|8]o0]8]o0]8|0]8

Table 6.4 Total number ofeach classification of follicle analysed histologically following each
treatment.

Treatment Perfusion length Day Follicle classification
(minutes) Prd | EP | 1° | Trans| 2° | EA
Nonperfused control 0 0 3890 1615) 170) 90 |35 S
8 5715|2115/ 60| 35 [ 5| 0
10 0 1370| 1380| 315| 50 |15| O
8 2660| 1000| 80 | 190 |[40| O
0 680 | 440 | 28| 36 | 4|0
CPA 30 8 1400| 725 | 30 | 45 |25| O
60 0 805|805 |50 90 |50
8 670 | 300 | 10 5 0|0
10 0 1870 700 | 40 | 45 |15| O
8 2765| 621 | 19 5 0|0
L15 30 0 1333| 898 | 117| 114 |29| O
8 2030| 1165|100| 240 60| O
60 0 1355| 920 | 115| 85 |10| O
8 1210 480 | 10| 20 | 5| O
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Follicle population dynamics were analysed histologically. The mean number of follicles
present in day 0 and day 8 tissue is presenteBigure6.12. The mean number of follicles in

all groups on days 0 and 8 were compared. When all day 0 tissue samples were compared,
although the mean number of follicles in all perfused tissue sampkes lower than in the
non-perfused tissue this was not statistically significant (p>0.05). However, the p value
showed a trend towards significance (p=0.059) therefore if more repeats had been carried out
these differences might have reached statistigghgicance. This suggests that the process of
perfusing the ovary with either CPA ok damaged the tissue and caused more follicles to
degenerate than in the noperfused tissue. The mean number of follicles in CPAIE L
perfused tissue was sigraéintly lower (p=0.002) than in the nguerfused tissue on day 8.
Therefore the level of follicular degeneration during culture was consistently higher in the
ovaries that had been perfused with CPA €5, compared to nosperfused control tissues

that haR 0SSy 6FaKSR gAGK wAyaSNDa aztdziazy 2yfeo
perfused tissues on day 0 could partly account for this observation. In order to examine this
further the mean number of follicles on days 0 and 8 of culture within eacfugien time

group were compared. In all perfusion groups the number of follicles deatediss 8 days of
culture via follicle degeneration. However, only in the tissue perfused for 30 and 60 minutes
with CPA (p=0.042 and p=0.003, respedyivand 60 nnutes with 15 (p<0.001) was the
decrease significant. Therefore, treatment with CPA consistently resulted in higher levels of
follicle degeneration and loss thanlb following a 30 minute perfusion period. Whereas a 60
minute of perfusion, regardlessf whether the meda contained only 15 or CPA, resulted in

higher levels of follicular degeneration and loss.

Follicle population dynamics were examinedHFigure6.13 with respect the percentage of
primordial follicles present in tissue on days 0 and 8 of culture following whole ovary
perfusion. The percentage of primordial follicles was higher in tiizad on day 8 compared

to day O in all CPA andlb perfused tissue and ngperfused tissue. This suggests that the
proportion of primordial follicles relative to growing follicles increased after culture. As the
mean number of follicles is lower in d&ytissue, compared to day O tissue (degure6.12)

this suggests that the growing follicles are more susceptible to atresia during culture following
L-15 or CPA péusion. The increase in the proportion of primordial follicles on day 8 was not
statistically significant in any treatment group except the 60 minutes CPA perfusion group
(p<0.05). This suggests that 60 minutes of CPA perfusion is the most damadime titef@r

growing follicles.
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Figure6.12 Mean number of follicles present in tissue on fixed days 0 and 8 following whole ovary perfusi@itéthCPA or-L5 for 0, 10, 30 and 60 minutes.

Data is presented as meanSEM for the number of culture repeats (n) indicated. Statistical differences between follicle counts in day 0 and 8ttisseackh
perfusion timewere analysed using thaiSizR S yfet @ridardiindicated using * (p<0.05) or ** (p<0.001). Statistical differences betweeday 8 follicle counts
between different perfusion timewere analysed usingne-way ANOVAandare indicatedby different letters(p<0.05)
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The population dynamics of EP and primary follicles present in tissue on days O and 8 are
presented in Figure§.14 and 6.15 as the mean number and mean percentage of follicles,
respectively. The population dynamics of midifered follicles are shown iable 6.5.
Following 10 minutes perfusion there was no difference in the mean number of EP, primary or
multi-layered follicles on days 0 and 8 between treatment gro(gee Figure6.14 and Table

6.5). Although the number of follicles decreased in day 8 tissue relative to day O tissue this
difference was not significant (p>0.05). However, when the mean percentage of follicles was
consicered there was a significant decrease (p=0.028) in the tissue perfused for 10 minutes
with L-15 relative to both its day O counterpart and all other EP follicle counts Fspee

6.14). Itis unclear why perfusion withll5 would have caused a decrease in EP follicle counts.
The SEM for 10 minute CPA EP follicle percentage is quite high therefore it is possible that if
more repeats were carried out a decrease woalslo be seen in this category. There were no
significant differences in the mean percentage of primary or riaytered follicles following 10

minutes perfusion (sekigure6.14 and Table6.5).

Following 30 minutes of perfusion there were no statisticalfynificantly changes (p>0.0f)

the percentage of EP, primary and niddtyered follicles, relative to neperfused control
tissue or on days 0 and 8 of culture (see Figure 6.7 and Table 6.1). It should be noted,
however, that all follicle counts decreased on culture day 8 relative to equivalent culture day 0
samples. Therwas also no significant decrease (p>0.05) in the mean number of EP, primary
and multilayered follicles, relative to neperfused control tissue in CPA and % perfused
tissue on days 0 and 8 of culture, apart from the tissue perfused with for 30 ninutes

which had, after 8 daym vitro, a significantly lower (p<0.05) number of EP follicles relative to
non-perfused control, 30 minute-15 perfused day O tissue (s&égure6.14 and Table6.5).

The number of primary follicles present in tissue perfused for 30 minutes with was not,
however, significantly lower (p>0.05) than that observed in-perfused tissue on day 8 or
tissue perfused for 30 minutes with CPA and analysed on days 0 or 8 of culture. Furthermore,
the number of primary follicles did not decrease after 8 days of culture relative to that
observed in the same treatment group on day 0 therefore these findingaumlikely to be
indicative of a higher level of damage to the tissue. Again it should be noted that the mean
number of follicles in tissue perfused for 30 minutes decreased on day 8 of culture relative to

their day O counterparts, although not significanp>0.05).
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Following 60 minutes of perfusion there were no statistically significant (p>0.05) changes in
the percentage of EP, primary and mdétyered follicles, relative to neperfused control
tissue or to perfused tissue fixed on days 0 and 8 dlimil(seeTable6.5 and Figure6.15).
However, just as was observed for tB@ minute perfusions, detailed above, it was noted that

all counts decreased on culture day 8 relative to culture day 0. There was also no significant
decrease (p>0.05) in the mean number of EP follicles, relative tgpadased control tissue or

on daysO and 8 of culture (sefigure6.14 and Table6.5). However, there were snificantly

fewer primary (p=0.011) and multayered (p=0.036) follicles present in tissue cultured for 8
days, which had been perfused with eithet® or CPA for 60 minutes relative to nparfused
tissue follicle counts on day 0 and 8. Additionallye trumber of primary follicles in day 8
tissue had decreased significantly relative to their day O culture control counterparts, following
60 minute perfusion with 445 or CPA. However, although the absolute number of multi
layered follicles in day 8 culed tissue decreased relative to their day O culture control
counterparts, following 60 minute perfusion with-15 or CPA, this difference was not

statistically significant (p>0.05).

Table6.5 Histological data regarding the meanulti-layeredfollicle number per mg of tissue
and meanpercentageof multi-layered folliclesin tissue fixed on days 0 and 8 of culture
following treatment with wA Yy 3 SN &  a gohrpeifusedl yontral)y dr holed owary
perfused withw A y 3 S NXIQ followe?l bygmifds®ry/with eitherCPA solution or-1L5 for 10,
30 or 60minutes. Thevalues araneant SEMor the 6 and 4culture repeatsfor days 0 and 8,
respectively. Data were analysed using onay ANOVA. Nstatistical differencegp>0.05)in
number or percentage of multayeredwere found between treatments.

Perfusion time Mean per SEM of SEM of
. Treatment Day . mean per  Mean %
(minutes) mg tissue : mean %
mg tissue
0 Non-perfused 0 9.0 24 5.0 3.0
control 8 0 0 0 0
CPA 0 5.8 3.0 15 05
10 8 8.3 2.8 73 3.1
L15 0 72 32 4.3 22
8 11 0.7 15 13
. 1. . .
CPA 0 3.8 8 0.8 04
30 8 29 1.8 2.0 1.0
0 10.3 2.1 44 28
L-15
8 29 1.8 1.8 09
0 9.7 2.7 3.8 11
CPA
50 8 29 1.8 7.7 4.7
0 103 2.7 2.9 16
L-15
8 2.9 1.8 2.0 1.0
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Figure6.13 Meanpercentageof primordial follicles presenin tissue fixed on days 0 and 8afiture following whole ovary perfusion with either CPA et for Q
10, 30 and 60 minutesompared to nolLJS NJF dzd SR (A & 4 dzS S E LJ2 Al is firésented as B&hEEND fordh2 fuddeh of ofiltur yepedts (n)
indicated. Statistical differences between follicle counts in day 0 and 8 tissue within each perfusion time are indingtéqps.05)data wasanalysed using
one-way ANOVA.
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a) Ovariantissue perfused for 10 minutes
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(b) Ovarian tissue perfused for 30 minutes
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(c) Ovarian tissue perfused for 60 minutes
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Figure6.14 Mean number of EP and primary follicles per mg of tifswes on days 0 and 8 of
culture that has beeS ELJ2 8 SR (2 wA Yy 3 S pw&fasedd 2P odziihdl@ giany? y &
perfusion withCPA solution or-1L5 for (a) 10 minwgs, (b) 30 minutes and (c) Gtinutes. Data

is presented as meamumberx SEM for the number of repeats shown (n). Data was analysed
using oneway ANOVA, statistical differencbstween day 0 and day 8 tissue indicated

using * (p<0.05).



266

(a) Ovarian tissue perfused for 10 minutes
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(c) Ovarian tissue perfused for 60 minutes
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Figure 6.15 Mean % of EP and primary follicles present in tissue fixed on days O and 8 of

culture that hasbeenSELI2 a SR (2

EP Primary
Day 8 (n=4)

wA y 3 S pEfased P odziihble gran? v t

perfusion withCPA solutior L-15 for (a) 10 minutes, (b) 30 minutes and (chtilutes. Data

is presented as mea¥h+ SEM for the number of repeats shown (n). Data was analysed using

one-way ANOVA, statistical differencbstween day 0 and day 8 tissaee indicated using *

(p<0.05).

The integrity of follicles and stromal tissue was assessed histologically in samples fixed on days

0 and 8 of culture, as shown Figure6.16. The stroral tissue score decreased on day 8,

compared to day O of culture within each treatment group, however, this was only statistically

significant (p<0.05) following 10 minutes perfusion with3, and 60 minutes perfusion with

either 115 or CPA.The effectof whole ovary perfusion and subsequent cortical culture on

tissue weight was examined iRigure 6.17.

Neither ovary perfusion nor culture had a

significant effect ortissue weight at the start or end of culture (p>0.05).
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Figure6.16 Histological analysis of stromal tissue integritytissue fixed on days 0 and 8 of
culture that hasbeenSE L2 a SR (2 wA y 3 S pw&faseds 2P odziihdl@ giany? y &
perfusion withCPA solution or-IL5 for (a) 10 minutes, (b) 30 minutes and (cn@i@utes The

overall appearance of the tissue and follicles in the section of tissue was rated ag3)pod
adequate (2) or poor (1). Values are shown as the nie8BM for culture repeats. Stromal

tissue score was compared across all treatments usingwmme ANOVA and statistically
significant differences relative to all otheeatments(p<0.05) arelenoted using *.

T T
I T I | I

NP CPA ‘ L-15 | CPA ‘L—15 CPA ‘L—15 CPA ‘L—15 CPA ‘L—15 CPA ‘L—15

Mean tissue weight (mg)

Treatment

Culturetime Day0|Day8 Day0 Day 8 Day0 Day 8 Day0 Day 8

Perfusion 0 10 30 60

length (mins) Treatment

Figure6.17 Mean tissue weight on days 0 and 8 of cultofdissuethat hasbeenexposed to
wAYISNRAa a2 fpedisk® YP)o2wholeovadypefugion withCPA solution or-IL5

for 0, 10, 30 and 60 minute®Pata is presented as meaSEM for 6 culture repeatdata was
analysed using oneay ANOVA. No statistical differences (p>0.05) were found either within
treatment groups between day 0 and 8 tissue, or between treatngeatips
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Figure6.18 Representative images of tissue fixed following perfusion with eith&blmedium

or CPA for 0, 10, 30 and 60 minutes either on day O or day 8 of culture compared-to non
perfused contrd tissues. All follicles are at the primordial or EP stage. During histological
analysis only follicles with a visible nucleolus were courgté¢de oocyte of these follicles is
flroStft SR YhQo {OFLtS 6INT HA>YD
































































































































































































































































































