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in het bijzonder voor oma Mieke.

Dankjewel voor zoveel...
 maar vooral om 2 generaties eerder al de kansen te zaaien 

waar wij nu de vruchten van plukken.

‘Omne vivum ex ovo’ – ‘all living things come from eggs’
William Harvey, 1651 
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THESIS SUMMARY

Fertility preservation aims at safeguarding the reproductive potential. There are 
various indications for fertility preservation, ranging from malignant diseases, 
benign conditions, gender confirming procedures to age-related fertility decline. 
Current fertility preservation options include ovarian suppression using gonado-
trophin-releasing hormone agonists (GnRH agonists), ovarian transposition, embryo 
cryopreservation, oocyte cryopreservation and ovarian tissue cryopreservation.
Ovarian tissue cryopreservation is the surgical resection and freezing of ovarian 
tissue and is increasingly accepted as an established fertility preservation 
technique. Ovarian tissue cryopreservation does not require controlled ovarian 
stimulation and can be performed immediately. Hence, it is the only option avail-
able for prepubertal young patients and for women who cannot delay the start of 
chemotherapy. 

Transgender people represent a new group of patients consulting fertility 
centres. Their specific needs require more insight into the effects of gender-affirming 
hormone therapy on fertility. An observational, prospective cohort study was per-
formed to investigate the effect of prolonged androgen therapy on ovarian histology 
and fertility preservation perspectives in transgender men. This work shows that cor-
tical follicle distribution in transgender men seems to be surprisingly normal after more 
than a year of testosterone treatment. This study confirms the presence and in vitro 
maturation potential of cumulus-oocyte complexes (COC) obtained during the tissue 
processing of ovaries procured in transgender men. An estimated increase of 7.5 
COC in relation to a single unit anti-Müllerian hormone (AMH) enables the prediction 
of COC yield in clinical practice based on AMH serum levels. The recovered COC show a 
maturation percentage of 34.30% and a normal spindle structure and chromosome 
alignment.

Not all patients are eligible for ovarian tissue transplantation and therefore several 
groups attempt to culture ovarian tissue in vitro. The need for follicle culture sys-
tems that can efficiently use all classes of ovarian follicles, derived from clinically 
cryopreserved ovarian tissue as sources of gametes would maximize reproductive 
potential for future fertility. Since the majority of cortical follicles are primordial, the 
first challenge is an effective, efficient and balanced activation of this dormant follicle 
pool in vitro. In order to optimize the current ovarian tissue culture models, detailed 
information on the progression of the Hippo and PI3K/Akt pathways during tissue 
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culture and immature follicle development is lacking. Unravelling this progression 
is mandatory to identify clues to a more effective use of primordial follicles in vitro. 
In order to accurately evaluate the changes in the Hippo and PI3K/Akt pathway, the 
first step of the promising multistep cortex culture system developed by the group 
of E. Telfer was repeated. Follicle count and classification using haematoxylin/eosin 
staining and a follicle specific analysis of the Hippo and PI3K/Akt pathway using 
laser capture microdissection (LCM) – reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) and fluorescent immunohistochemistry were performed. 
Results highlight a Hippo pathway driven primordial follicle activation in a culture 
system where the culture efficiency could be increased by an earlier change to 
optimal preantral follicle conditions. Moreover, tissue preparation for 
culturing might benefit from adaptation of the  for different patient groups, as  
illustrated by a pronounced different activation in the cortex derived from transgen-
der men versus oncological patients following Hippo pathway disruption..

The importance of the surrounding ovarian stromal cells and extracellular matrix 
in the development and maturation of follicles has recently gained attention. While 
manipulating ovarian tissue, a difference in rigidness was noticed in manipulation 
of ovarian cortex originating transgender men versus oncological patients, possi-
bly explaining the different primordial follicle activation. To further analyse quantify 
this observation, a texture profile analysis (TPA) was performed. In this last part, 
we describe the textural parameters of the ovarian cortex of transgender men after 
prolonged testosterone administration compared to the textural parameters of the 
non-exposed ovarian cortex originating from female oncological patients. This is the 
first application of TPA in ovarian cortex for measurement of textural ovarian cortical 
properties. Comparing the physical properties, we objectively describe an increased 
cortical stiffness in the most outer part of the ovarian cortex following prolonged 
testosterone administration in transgender men compared to the ovarian cortex of 
oncological patients. This novel approach could be the start of future research to 
understand the physical properties of ovarian tissue.

The findings presented in this thesis provide valuable insights in ovarian tissue 
characteristics and ovarian tissue culture in the context of cortex cryopreservation. 
The knowledge obtained through this fundamental research will help clinicians in 
optimal counselling and management in fertility preservation through ovarian tissue 
cryopreservation. This information also contributes to the optimization of the current 
ovarian tissue culture models and provides insights to develop new and improve 
established lab protocols.
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THESIS SAMENVATTING

Fertiliteitspreservatie heeft als doel om het reproductieve potentieel te vrijwaren. 
Er zijn verschillende indicaties voor fertiliteitspreservatie, waaronder maligne aan-
doeningen, maar ook benigne condities, genderdysphorie en leeftijdsgerelateerde 
vermindering van vruchtbaarheid. De huidige technieken voor fertiliteitspreservatie 
zijn ovariële suppressie (met gonadotrophin-releasing hormone agonists (GnRHa)), 
ovariële transpositie, embryo cryopreservatie, eicelcryopreservatie en cryopreserva-
tie van ovarieel weefsel. 
Cryopreservatie van ovarieel weefsel is de chirurgische resectie en het invriezen 
van ovarieel weefsel en wordt meer en meer geaccepteerd als een gevestigde tech-
niek voor fertiliteitspreservatie. Cryopreservatie van ovarieel weefsel vereist geen 
gecontroleerde ovariële stimulatie en kan dus onmiddellijk uitgevoerd worden. Het 
is daarom de enige optie voor de jonge prepubertaire meisjes en voor dames die de 
start van de chemotherapeutische behandeling niet kunnen uitstellen.
 
Transgender personen vertegenwoordigen een nieuwe patiëntengroep die fer-
tiliteitscentra consulteren. Hun specifieke behoeftes vereisen meer inzicht in de 
effecten van de geslachtsbevestigende hormonale behandeling op hun vruchtbaar-
heid. Een observationele prospectieve cohortstudie werd uitgevoerd om het effect 
van langdurige behandeling met androgenen op de ovariële histologie en op de 
perspectieven bij fertiliteitspreservatie te bestuderen bij transgender mannen. Dit 
werk toont aan dat de corticale follikeldistributie verrassend normaal blijft na meer 
dan een jaar testosteronbehandeling. Deze studie bevestigt de aanwezigheid en 
het in vitro maturatie potentieel van cumulus-eicelcomplexen (COC) die verkregen 
worden tijdens het verwerken van ovarieel weefsel van transgender mannen. Een 
geschatte toename van het aantal COCs met 7.5 in relatie tot een enkele eenheid 
anti-Mülleriaans hormoon (AMH) laat het toe het te verwachten aantal COCs 
te voorspellen op basis van de AMH-serumspiegels in de dagdagelijkse 
klinische praktijk. De verkregen COC tonen een maturatie percentage van 
34.30%, een normale spoelfiguur en een correcte alignatie van de chromosomen.

Niet alle patiënten komen in aanmerkingen voor transplantatie van ovarieel weefsel 
en daarom proberen verschillende onderzoeksgroepen ovarieel weefsel in vitro in 
cultuur te brengen. De noodzaak om een follikelcultuursysteem te ontwikkelen dat 
met gecryopreserveerd ovarieel weefsel als bron van gameten efficiënt alle ova-
riële follikelstadia kan ondersteunen zou het toekomstig reproductieve potentieel 
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kunnen maximaliseren. Gezien de meerderheid van de corticale follikels primordi-
ale follikels zijn is de eerste uitdaging een effectieve, efficiënte en gebalanceerde 
activatie in vitro van deze slapende follikelcohorte. Om de huidige weefselcultuur te 
optimaliseren is er gedetailleerde informatie nodig over de evolutie van de Hippo en 
PI3K/Akt pathway tijdens weefselcultuur en tijdens de ontwikkeling van immature 
follikels. Het ontrafelen van deze evolutie is obligaat om aanknopingspunten voor 
een effectiever gebruik van primordiale follikels in vitro te identificeren. Om deze 
veranderingen in de Hippo en PI3K/Akt pathway accuraat te evalueren werd het 
eerste deel van het veelbelovende meerstapsprotocol voor ovariële cortex van de 
onderzoeksgroep van E. Telfer herhaald. Follikeltelling en -classificatie op basis van 
hematoxilline/eosine kleuring en een follikelspecifieke analyse van de Hippo en PI3K/
Akt pathway gebruik makende van laser capture microdissection (LCM) – reverse 
transcription quantitative polymerase chain reaction (RT-qPCR) en fluorescente 
immuunhistochemie werden uitgevoerd. De resultaten zetten een primordiale 
follikelactivatie, gedreven door de Hippo pathway, in de verf in een cultuursysteem 
dat in efficiëntie zou winnen bij een vroegere wissel naar de optimale preantrale 
follikelcondities. Bovendien zou de weefselvoorbereiding voorafgaand aan de cultuur 
baat hebben bij aanpassingen per patiëntengroep. Dit wordt in deze studie geïllustreerd 
door een uitgesproken verschillende activatie in de cortex die bekomen werd van trans-
gender mannen versus oncologische patiënten na beïnvloeden van de Hippo pathway.

Het belang van de omliggende ovariële stromale cellen en extracellulaire 
matrix in de ontwikkeling en maturatie van follikels wint aan aandacht. Tijdens de 
manipulatie van ovarieel weefsel werd een verschil in rigiditeit opgemerkt bij weefsel 
bekomen van transgender mannen in vergelijking met oncologische patiënten, 
mogelijks verklarend voor het verschil in primordiale follikelactivatie. Om deze 
observatie te analyseren en kwantificeren werd een texture profile analysis (TPA) 
uitgevoerd. In dit laatste deel beschrijven we de textuureigenschappen van 
ovarieel weefsel van transgender mannen na langdurig gebruik van testosteron in 
vergelijking  met  ovarieel  weefsel  dat  niet  werd blootgesteld aan testosteron, bekomen 
van oncologische patiënten. Dit is de eerste toepassing van TPA in ovariële cortex voor 
het meten van texturale eigenschappen. Door de fysieke eigenschappen te vergelijken 
konden we een verhoogde stijfheid objectiveren in het meest oppervlakkige deel van de 
ovariële cortex na langdurig testosterongebruik. Deze nieuwe aanpak kan de start zijn 
van toekomstig onderzoek naar het de fysieke eigenschappen van ovarieel weefsel.

De bevindingen die in deze thesis worden voorgesteld, verschaffen waardevolle 
inzichten in weefselkarakteristieken en -cultuur in de context van ovariële cortex-
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cryopreservatie. De kennis die bekomen werd door dit fundamenteel onderzoek 
helpt clinici in het optimaal counselen van patiënten bij fertiliteitspreservatie op basis 
van cryopreservatie van ovarieel weefsel. Deze informatie draagt ook bij aan de 
optimalisatie van de huidige weefselcultuurmodellen en geeft inzicht om nieuwe la-
boprotocollen te ontwikkelen en gevestigde technieken verder te verbeteren.  
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POPULARISED SUMMARY

Fertility preservation aims at safeguarding future fertility in those women at risk of 
losing it. There are various indications for fertility preservation, ranging from cancer, 
benign diseases, transgender treatment to age-related fertility loss. Current fertility 
preservation options include hormonal medication, surgery and/or freezing of 
embryo’s, eggs or ovarian tissue. Freezing ovarian tissue is the surgical removal of 
(part of) an ovary for freezing and is increasingly accepted as an option for fertility 
preservation. Particular advantages of this approach are that it does it does not 
require hormonal medication and it can be performed immediately, without delay. 
Hence, it is the only option available for prepubertal young patients (no hormonal 
medication) and for women who cannot delay the start of chemotherapy (immediate 
surgical removal of the ovary). 

Transgender people represent a new group of patients consulting fertility centres. Their 
specific needs require more insight into the effects of their specific hormone therapy 
on fertility. In a first study, the effect of testosterone therapy on ovarian characteristics 
and fertility preservation options in transgender men was studied. This work shows 
that the distribution of the more immature follicles (= unit of oocyte and surrounding 
supporting cells) in the most outer part (= cortex) of the ovary in transgender men 
seems to be surprisingly normal after more than a year of testosterone treatment. 
As in oncological patients, we could find cumulus-oocyte complexes (COC) that 
are released from the tissue during the preparation of the tissue for freezing. 
Cumulus-oocyte complexes are units of a more mature oocyte and surrounding 
cells. We were able to mature these oocytes further in the lab and the first controls 
of these oocytes appear to be normal. Based on anti-Müllerian hormone (AMH) in 
the blood, we could estimate to find 7.5 COC in relation to a single unit of AMH. 

After freezing, transplantation of ovarian tissue is not possible in all patients, there-
fore several research groups try to culture ovarian tissue in a lab setting. The need 
for follicle culture systems that can efficiently use all classes of ovarian follicles 
would maximize the future options. Since the majority of follicles are immature, 
the first challenge is an effective, efficient and balanced activation of this dormant 
follicle pool in the lab. In order to optimize the current ovarian tissue culture 
models, detailed information on the progression of 2 specific pathways (the 
Hippo and PI3K/Akt pathway) during tissue culture and immature follicle 
development is essential. Understanding these pathways is mandatory to 
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identify clues to a more effective use of immature follicles. In order to accurately 
evaluate the changes in the Hippo and PI3K/Akt pathway, the first step of the 
promi-sing multistep cortex culture system developed by the group of E. Telfer was 
repeated. Results of our study confirm a role for this Hippo pathway in the start of 
this follicle development. We could also suggest a shorter first phase of the cul-
ture model and a different tissue preparation to improve the current culture model. 

While manipulating ovarian tissue, a difference in rigidness was noticed in 
manipulation of ovarian cortex originating transgender men (female-to-male 
transgender person) versus oncological patients. This difference could possibly 
explain the different follicle activation in these patient groups. To quantify and 
analyse this observation, a texture profile analysis (TPA) was performed. In 
this last part, we describe the physical properties of the ovarian cortex of trans-
gender men after prolonged testosterone administration compared to the 
physical properties of the ovarian tissue originating from female oncological patients. 
This is the first application of TPA in ovarian cortex for measurement of textural 
ovarian cortical properties. Comparing the physical properties, we objectively 
describe an increased cortical stiffness in the most outer part of the ovarian cortex 
following prolonged testosterone administration in transgender men compared to the 
ovarian cortex of oncological patients. This preliminary and novel approach could be 
the start of future research to understand the physical properties of ovarian tissue.

The findings presented in this thesis provide valuable insights in ovarian tissue 
characteristics and ovarian tissue culture in the context of cortex cryopreservation. 
The knowledge obtained through this fundamental research will help clinicians in 
optimal counselling and management in fertility preservation through ovarian tissue 
cryopreservation. This information also contributes to the optimization of the current 
ovarian tissue culture models and provides insights to develop new and improve 
established lab protocol. 
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1. GENERAL INTRODUCTION

Partially published in:

De Roo C, Tilleman K, T’Sjoen G, De Sutter P. Fertility options in transgender peo-
ple. 

Int Rev Psychiatry. 2016 Feb;28(1):112-9.
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1.1 Fertility preservation

Fertility preservation aims at safeguarding the reproductive potential. There are var-
ious indications for fertility preservation, ranging from malignant diseases, benign 
conditions, gender confirming procedures to age-related fertility decline (1, 2). 

1.1.1 Indications

1.1.1.1 Fertility preservation for malignant disease

Survival after cancer continues to improve with new treatments and supportive 
therapies. In Europe, nearly 80% of children and adolescents with cancer become 
‘long-term survivors’ (3, 4). Improving survival rates expands oncologic care to the 
management of long-term complications (3). It is widely known that cancer treat-
ments such as chemotherapy, radiotherapy and/or surgery can induce premature 
ovarian insufficiency (5). The gonadotoxicity of these treatments depends on mul-
tiple variables such as the ovarian reserve, patients’ age at the time of treatment, 
administered therapies, their doses and duration (6). Optimal long-term care thus 
demands assessment and management of the risk of iatrogenically induced gonadal 
impairment (3). 

 Chemotherapy
The ovaries are very sensitive to cytotoxic drugs and damage can be caused by dif-
ferent mechanisms. Chemotherapeutic agents can directly target the oocyte or the 
surrounding somatic cells. As the oocyte is dependent of the follicular somatic cells, 
somatic cell death will ultimately cause oocyte apoptosis (7). These cytotoxic drugs 
can either affect the resting primordial follicle pool or the growing follicle pool. The 
loss of the growing follicle pool results in less production of inhibitory substances by 
the growing follicles leading to increased recruitment of primordial follicles and an 
accelerated depletion of the resting follicle reserve. This results clinically in a ‘two-hit’ 
effect. The first hit is an immediate but temporary effect, occurring during treatment, 
and is the effect of losing the growing follicle population. This first hit is reversible 
and if sufficient primordial follicles have remained in the resting pool, the population 
of growing follicles will be replenished upon cessation of gonadotoxic treatment and 
menses will resume. The second hit is the impact of losses in the primordial follicle 
pool, causing premature ovarian insufficiency (POI). A partial loss of primordial folli-
cles will result in a future ovarian failure, whereas a complete reduction of the pool 
will result in a more acute effect where the patients experience POI shortly after the 
chemotherapy (7). Some chemotherapy regimens are more toxic than others. The 
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risk of POI is the highest with cyclophosphamide, being the alkylating agent known 
to cause the most damage to oocytes and granulosa cells, at a dose of > 7.5g/m2, 
busulfan > 600mg or ifosfamide >60g (Table 1.1) (6, 8-10). 

Table 1.1: Risk of iatrogenic subfertility with cancer therapy (modified from 
Lambertini et al. (2016) (11))

Degree of risk Type of anticancer treatment
High risk 

(defined as >80 % risk 

of permanent 

amenorrhea)

•	 Hematopoietic stem cell transplantation with cyclophosphamide/total 

body irradiation or cyclophosphamide/busulfan

•	 External beam radiation to a field that includes the ovaries

•	 Cyclophosphamide, methotrexate, fluorouracil (CMF), cyclophospha-

mide, epirubicin, fluorouracil (CEF), cyclophosphamide, doxorubicin, fluoro-

uracil (CAF), docetaxel, adriamycin (doxorubicin), cyclophosphamide (TAC) 

x 6 cycles in women ≥ 40 years

Intermediate risk 

(defined as 40 % - 60 % 

risk of permanent 

amenorrhea)

•	 Bleomycin, vincristine, adriamycin (doxorubicin), etoposide, cyclo-

phosphamide, procarbazine (BEACOPP)

•	 CMF, CEF, CAF, TAC x 6 cycles in women age 30–39

•	 Adriamycin (doxorubicin), cyclophosphamide (AC) x 4 cycles in wom-

en ≥ 40 years

•	 AC or epirubicin, cyclophosphamide (EC) x 4 → Taxanes

Low risk 

(defined as <20 % risk 

of permanent 

amenorrhea)

•	 Adriamycin (doxorubicin), bleomycin, vinblastin, dacarbazine (ABVD) 

in women ≥ 32 years

•	 Cyclophosphamide, hydroxydaunorubicin (doxorubicin, adriamycin), 

oncovin (vincristine), prednisone (CHOP) x 4–6 cycles

•	 Cyclophosphamide, vincristine, prednisone (CVP)

•	 Acute myeloid leukaemia (AML) therapy (anthracycline/cytarabine)

•	 Acute lymphocytic leukaemia (ALL) therapy (multi-agent)

•	 CMF, CEF, CAF, TAC x 6 cycles in women ≤ 30 years

•	 AC x 4 cycles in women ≤ 40 years

Very low or no risk 

(defined as risk of 

permanent amenorrhea)

•	 ABVD in women < 32 years

•	 Methotrexate

•	 Fluorouracil

•	 Vincristine

•	 Tamoxifen

Unknown risk •	 Monoclonal antibodies (trastuzumab, bevacizumab, cetuximab)

•	 Tyrosine kinase inhibitors (erlotinib, imatinib)
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 Radiotherapy
The impact of radiotherapy depends on the radiated field, total dose, dose per 
fraction and age of the patient at the time of radiotherapy. Pelvic radiotherapy is 
known to cause irreversible ovarian damage in a dose-response relationship for 
decreased risk of pregnancy with increasing dose of ovarian/uterine radiation. The 
estimated dose of radiation at which half of the human primordial oocytes are lost 
(LD50) is <2 Gy (6, 11). Data from Childhood Cancer Survivor study showed that among 
cancer survivors, only those who received an ovarian/uterine radiation dose greater 
than 5 Gy were less likely to have ever been pregnant (9). Direct irradiation of the 
hypothalamus and/or pituitary may produce impaired secretion of follicle-stimulating 
hormone (FSH) and luteinizing hormone (LH), especially when the dose is > or = 30 
Gy (9).

 Surgery
Bilateral oophorectomy clearly results in premature menopause. Unilateral oopho-
rectomy reduces the ovarian reserve, causing menopause to occur 7 years earlier 
(12). Therefore, fertility preservation should be considered, especially if the contra-
lateral ovary is likely to undergo another gonadotoxic insult such as radiotherapy 
or chemotherapy. Also performing cystectomy on endometriomas may cause con-
siderable reduction of the ovarian reserve so fertility preservation or fertility-sparing 
surgery should be considered in these cases (13). 

1.1.1.2 Fertility preservation for benign conditions

Some non-malignant conditions carry the risk of premature ovarian insufficiency 
too. Benign haematological diseases (thalassemia, sickle cell anaemia, aplastic 
anaemia), and autoimmune disorders (rheumatoid arthritis, systemic lupus erythe-
matosus, Behçet disease, Wegener’s granulomatosis) might require chemotherapy, 
radiotherapy or bone marrow transplantation (1, 6). Ovarian pathology such as bi-
lateral benign ovarian tumours, (severe of recurrent) ovarian endometriosis, ovarian 
torsion or a preventive oophorectomy for BRCA1/2 also threaten gonadal function. 
Some pathologies carry a risk of premature ovarian insufficiency such as mosa-
ic Turner syndrome, blepharophimosis, ptosis and epicanthus inversus syndrome 
(BPES) or idiopathic POI (1, 5, 14).

1.1.1.3 Fertility preservation in transgender persons

Gender dysphoria refers to distress or discomfort caused by the incongruence be-
tween a person’s sex assigned at birth and the gender a person identifies him or her-
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self with (15). Treatment options to facilitate the transition and to live in accordance 
with the identified gender comprise both hormone therapy (and/or) surgical interven-
tions (15). Unfortunately, these options have a negative effect on fertility (15, 16).

Pubertal suppression
Gonadotropin releasing agonists (GnRHa) preventing development of secondary 
sexual characteristics, inhibit germ cell maturation (17). However, discontinuation 
results in normal pubertal progression (18, 19). Hagen et al. (2012) showed that 
GnRHa administration in girls with precocious puberty resulted in a significant de-
cline of anti-Müllerian hormone (AMH) after 3 months with recovery to pre-treatment 
AMH serum levels 6 months after interruption of the treatment (17). 

Cross-sex androgen therapy in trans men
Masculinizing hormonal therapy will in most cases lead to a reversible amenorrhea 
but ovarian follicles are not depleted from the tissue (20, 21). Increased andro-
gen levels may however adversely affect follicle growth, mostly affecting the more 
matured follicle stages as these follicles are surrounded by an androgen sensitive 
theca cell layer. (21-23). Apparently, primordial follicles in cryopreserved and xeno-
transplanted ovarian cortical tissue do not lose their potential to resume growth and 
maturation (24). 
A current debate is still ongoing whether or not masculinizing therapy induces poly-
cystic ovarian syndrome (PCOS) (22, 23, 25). Descriptive histology by Pache et 
al. (1991) showed some evidence for altered morphology induced by testosterone 
treatment comprising of enlarged ovaries, collagenized ovarian cortex, theca interna 
hyperplasia and stromal hyperplasia (22, 26). The idea that androgens induce high 
anti-Müllerian hormone levels, which is a particular feature of PCOS, is however 
questionable (23). Moreover, a (3D) transvaginal ultrasound study in transgender 
men treated with long-term testosterone therapy showed no increased polycystic 
ovarian morphology (27). 

Sex reassignment surgery
Sex reassignment surgery with hysterectomy with bilateral oophorectomy leads to 
irreversible sterility (28, 29). 

1.1.1.4 Fertility preservation for age-related fertility decline

Female fertility gradually decreases, inevitably compromising fertility over 
time. Ovarian aging causes a quantitative and qualitative oocyte decline by 
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progressively losing the primordial follicle (quantitative) and increase 
chromosomal aneuploidy (qualitative) (30). Fertility preservation can be offered to 
anticipate age-related fertility decline and finally gamete exhaustion (1). 

1.1.2 Fertility preservation techniques

Current fertility preservation options include ovarian suppression, using GnRH ago-
nists, ovarian transposition, embryo cryopreservation, (mature or immature) oocyte 
cryopreservation and ovarian tissue preservation (Figure 1.1) (5, 31). 

Figure 1.1: Fertility preservation options in women (adapted from Donnez et al. (2013) (5))
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1.1.2.1 Ovarian suppression

The administration of fertiprotective agents during cancer treatment is being 
explored. The administration of GnRHa is used to downregulate the hypo-
thalamic-pituitary-gonadal axis and thus block ovarian function (32). The ASCO 
2013 recommendations state that evidence regarding effectiveness of GnRHa 
administration for fertility preservation is currently insufficient (33). However, ovarian 
downregulation yields other medical benefits such as reduced vaginal bleeding in 
patients with chemotherapy induced low platelets (5).

1.1.2.2 Ovarian transposition

Ovarian transposition or oophoropexy is the repositioning of the ovaries away from 
the radiation field before pelvic radiotherapy (5, 34). Ovarian transposition can be 
performed laparoscopically and the ovaries are usually relocated and fixed to the 
anterolateral abdominal wall, 3-5 cm above the umbilicus and metallic clips are left 
at the inferior pole to mark the location (5). Failure of this technique is due to scatter 
irradiation and blood supply damage (35). The surgeon should thus pay attention 
dissecting both ovarian arteries and veins not to compromise the blood supply to 
the ovary while relocating the ovaries. Because of the risk of remigration of the 
ovaries, the intervention should be performed as close to the radiation treatment as 
possible (36). Obviously, this technique does not protect against gonadotoxic 
effects of chemotherapy. Also, ovarian transposition should be restricted to carefully 
selected patients with a low risk of ovarian cancer involvement (34). 

1.1.2.3 Embryo cryopreservation

Cryopreservation of embryos is an established fertility preservation method and it 
has routinely been used for storing surplus embryos after IVF (36). The embryo 
cryopreservation protocol consists of a hormonal stimulation and oocyte aspiration 
for IVF/ICSI techniques to create embryos that are subsequently cryopreserved for 
future embryo transfer (2, 37). It is well demonstrated that embryo cryopreservation 
is a very effective means of preserving fertility as long as patients are post pubertal 
and chemotherapy can be delayed (38). Of note is that in most countries (including 
Belgium) cryopreserved embryos are the joint property of the couple, which might be 
an issue for future use when the couple no longer exist as an entity (5).
This fertility preservation method requires a controlled ovarian stimulation (COS) 
and attention should be payed to a few specific points: Conventional COS takes 
9-14 days of ovarian stimulation, preceded by downregulation of the hypothalamic-
pituitary axis. Random start protocols (start of controlled ovarian stimulation during 
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late follicular or luteal phase) are now available to avoid delay in cancer treatment 
(39). During COS, ovarian stimulation with gonadotropins induces supraphysiolog-
ic oestradiol possibly promoting the growth of oestrogen-sensitive tumours, such 
as endometrial and oestrogen receptor–positive breast cancers (40). Association of 
aromatase inhibitors to the stimulation protocol is therefore recommended to 
suppress oestrogen plasma levels by competitively inhibiting aromatase activity (41). 
The balance between obtaining sufficient oocytes for cryopreservation and avoiding
ovarian hyperstimulation syndrome (OHSS) is fragile. OHSS should howev-
er be avoided at all times as it can delay cancer therapy (39). Using a GnRH 
antagonist is therefore recommended, in combination with a GnRH agonist for final 
oocyte maturation trigger, particularly because luteal support is not needed (39). 
Additional medical considerations are associated with COS in cancer patients, 
including the higher thromboembolic risk (low-molecular-weight heparins), bleeding 
diathesis (bone marrow or liver infiltration), infection risk (neutropenia), respiratory dys-
function (mediastinal mass), recent mammectomy (intravenous access contralateral), 
the use of Imatinib (Gleevec) for CML (negative effect on oocyte recovery) (39, 42). 
In cancer patients, the expected number of oocytes retrieved for preservation pur-
poses might be lower (5). The increased catabolic state, malnutrition and increased 
stress hormone levels may affect the hypothalamic-gonadal axis (43). Women with 
cancer before gonadotoxic therapy may have significantly lower antral follicle counts 
(AFC) compared with healthy women aged 25–40 years, possibly due to accelerated 
follicle loss or a defect in recruitment of antral follicles owing to disease state (39). 
This lower AFC in cancer patients may be explained by either accelerated follicle 
loss or a defect in recruitment of antral follicles owing due to disease state. 
In transgender men, controlled ovarian stimulation and thus female hormone 
exposure, frequent vaginal ultrasound monitoring and a transvaginal surgical 
procedure for oocyte aspiration can be a physical and psychological burden for many 
transgender men (2, 28, 29). Also, gender confirming testosterone therapy is 
advised to be interrupted 3 months before COS for fertility preservation (15). 

1.1.2.4 Oocyte cryopreservation

Oocyte cryopreservation includes hormonal stimulation and oocyte retrieval for 
oocyte vitrification. Therefore the same considerations as for controlled ovarian 
stimulation for embryo cryopreservation have to be taken into account. 
Cryopreservation of oocytes does not require fertilization before cryopreservation, 
thus does not require a partner nor the use of donor sperm at the moment of the 
fertility preservation procedure. However, the experience and promising results 
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obtained from oocyte vitrification in oocyte donation programs cannot entirely be 
extrapolated to cancer patients nor to transgender men. Retrospective 
analysis showed lower success rates (implantation rate, ongoing pregnancy rates 
and live birth rates) in cancer patients. There was however no statistically significant 
association between malignant disease and reproductive outcome after correction 
for age and COS regime (44). 

1.1.2.5 Ovarian tissue cryopreservation

Ovarian tissue (OT) cryopreservation is the surgical resection and cryopreservation 
of ovarian tissue and is increasingly accepted as an established fertility preservation 
technique (5, 38, 45-48). Ovarian tissue cryopreservation does not require controlled 
ovarian stimulation and can be performed immediately (36). Hence, ovarian tissue 
cryopreservation is the only option available for prepubertal young patients and for 
women who cannot delay the start of chemotherapy (38). 
Following surgical resection, the medulla is separated from the follicle-containing 
cortex. The cortex is further fragmented into small and thin fragments to prepare for 
an adequate diffusion of cryoprotectant (49). The current standard for ovarian tissue 
cryopreservation is slow-freezing (49). Data on the equality of slow-freezing and 
vitrification of ovarian tissue are still conflicting. Slow-freezing and vitrification of 
ovarian tissue show to preserve similar morphological integrity of follicles and to 
maintain good quality and function of ovarian tissue and stroma (50, 51). Most live 
births thus far have however been achieved after slow freezing (5) and a few studies 
report live birth from transplantation of vitrified ovarian tissue (52, 53). 
At this time the only option to restore fertility using this tissue is by trans-
plantation (54). Transplantation of ovarian tissue can be orthotopically or hetero-
topically. Orthotopic transplantation, transplantation in the pelvic cavity, provides 
the optimal environment compared to the physiological conditions (38). The advan-
tage of the orthotopic site is the possibility of natural conception without the aid of 
assisted reproduction techniques (55). Ovarian fragments can be transplanted upon 
the remaining ovary or in a peritoneal window (56, 57). However, it is an invasive 
procedure that may cause pelvic adhesions and the number of transplanted frag-
ments is limited (55, 58).
Heterotopic transplantation, transplantation in an extraovarian region has been 
tested in humans in the uterus broad ligament (59), sub peritoneally at the anterior 
abdominal wall (60), the rectus muscle (61) and the forearm (55, 62). Advantages 
of heterotopic transplantations include possible larger number of transplanted frag-
ments, accessibility of the graft and feasibility of transplantation in case of pelvic 
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adhesion (55). However, natural conception cannot be expected (55). In humans, the 
first birth after ovarian tissue cryopreservation and grafting was reported by Donnez 
et al. in 2004 (56), and since then, more than 130 live births worldwide have been 
reported with the aid of transplantation of cryopreserved ovarian tissue (not included 
unreported cases and ongoing pregnancies) (63). Transplantation of cryopreserved 
ovarian tissue also restores endocrine function in patients (38). Restoration occurs 
within 2 to 9 months post grafting and the mean duration of ovarian function is 4-5 
years, depending on the follicular density in the graft (47, 64). Follicle burn out is one 
of the major issues to be addressed in ovarian tissue transplantation. An important 
cause of the massive and accelerated loss of follicles after transplantation is the 
warm ischemia post transplantation (65). Current research is focusing on amelio-
rating graft revascularization by exploring the addition of different transplantation 
sites, experimenting with graft thickness (65) and the supplementation of different 
angiogenic and antiapoptotic factors to reduce the period of warm ischemia (6). 
Ideally, cryopreservation and transplantation of entire ovaries with vascular anasto-
mosis would be helpful to prevent post transplantation ischemia as immediate blood 
circulation would minimize the duration of warm ischemia (66). Adequate diffusion of 
the cryoprotectant through the entire ovary without harming the tissue by prolonged 
exposure to toxic cryoprotectant remains however a challenge in large animals and 
humans because of the size of the ovary (66, 67).
Ovarian tissue cryopreservation may not be suitable for all patients. In transgender 
men, transplantation of ovarian cortical strips and thus restoring female hormone 
activity is an unwanted side effect. Also, transplantation in cancer patients has a 
potential risk of re-introducing malignant cells (45, 46, 68-72). This risk is disease 
dependent and, based on the available data, this risk is high in leukaemia, moder-
ate for gastrointestinal cancers and rather low for breast cancer, sarcomas of the 
bone and connective tissue, gynaecological cancers, Hodgkin’s and Non-Hodgkin’s 
lymphoma (71).
The development of an in vitro culture model to initiate primordial follicle devel-
opment and follicle growth to the antral follicle stage would provide an excellent 
alternative to the current fertility preservation options (5). The goal of in vitro ovarian 
tissue culturing is to activate, mature and use the residing primordial follicle pool for 
fertility restoration (6, 73). A culture system must meet the physiologic requirements 
of the oocyte, granulosa, theca, and even the stromal cells and as these complex 
requirements change during growth, a multistep approach is appropriate (74, 75).
Another option is the development of an engineered artificial ovary. This struc-
ture would allow to graft primordial follicles and stromal cells in order to sup-
port follicle development in an ovary-like scaffold (32). These scaffolds serve to 
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encapsulate, protect and maintain the 3D structure of isolated follicles. Several poly-
mers have been tested for use as a matrix for the transplantable artificial ovary, including 
alginate, collagen, fibrin, plasma clot, decellularized ovarian extracellular matrix and 
polyethylene glycol (76). Next to the physical support to maintain cell-cell contact 
between oocyte and somatic cells, these scaffolds should enable the follicle to 
expand and should be easily removable (76).
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1.2 Follicle biology

1.2.1 The ovary

The ovary consists of a cortex and a medulla (Figure 1.2). The outer cortex of the 
ovary contains immature follicles and is a rigid, avascular environment. It is made 
up of tightly packed spindle-shaped fi broblasts, vasculature-related cells (smooth 
muscle cells and endothelial cells), infl ammatory cells and precursor theca cells. 
The inner medulla is more elastic and composed of loose connective tissue and 
ovarian vasculature. The ovarian stroma consists of connective tissue and its extra-
cellular matrix sustains the ovarian architecture and provides structural support to 
the growing follicles (77). The ovary consists of follicles as basic functional units 
surrounded by various cell types, such as stromal cells, connective tissue, neurons 
and blood vessels (78, 79). The key functions of the ovary are the production of a ferti-
lizable oocyte with full competence for further development and the secretion of steroid 
hormones to prepare the reproductive tract for fertilization and establishment of a 
pregnancy (80). For these ovulatory and steroidogenic functions, folliculogenesis is 
required (80).

Figure 1.2: The ovary. 

In humans, oocytes are derived from primordial germ cells (PGCs), which expand 
through mitosis in the foetal ovary. Approximately 100 to 2000 primordial germ cells 
migrate from the epithelium of the yolk sack, through the embryonic hindgut, to 
eventually colonize the genital ridges and proliferation results in 7 million potential 
oocytes at mid-gestation (6). This number decreases to 1 million oocytes at birth 
and 400,000 around puberty due to atretic processes (32). The germ cells become 
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oocytes once they enter meiosis. Oocytes initially develop in clusters termed germ 
cell syncytia or nests. The meiotic division of the mammalian oocyte is initiated during 
foetal life. At birth, the oocytes are arrested in the first prophase, characterized by 
the presence of an intact nuclear envelope or germinal vesicle (GV) (81, 82). The 
oocytes remain in this meiotically arrested state throughout the phase of 
follicular development; thus the growing ovarian follicle contains an oocyte arrested 
in prophase I of meiosis, surrounded by somatic cells (granulosa and theca cells) as 
well as a basal membrane (BM). 

1.2.2 Multi step in vivo follicle development

Follicular growth and development is a series of events during which a primordial 
follicle must acquire the ability to resume meiosis (meiotic competence) and the 
ability to support fertilization and embryonic development (developmental 
competence) (Figure 1.3) (74). 

Figure 1.3: Follicle growth in the human ovary. From left to right: primordial follicle (40x), intermediate 
follicle (40x), primary follicle (40x), secondary follicle (40x), antral follicle (10x) (scale bar = 20mm)

1.2.2.1 Primordial follicle 

Primordial follicle formation occurs during gestation in humans and involves 
dissolution of germ cell nests. Germ cell nest breakdown is accompanied by 
migration of pregranulosa cells together with disruption of inter oocyte bridges 
through apoptosis of individual oocytes. The surviving oocytes get surrounded by 
a single layer of flattened pregranulosa cells covered by a basal membrane to form 
primordial follicles (83). At this stage, the oocyte is arrested in meiotic prophase I and 
only re-enters meiosis or germinal vesicle breakdown upon ovulation (84).

1.2.2.2 Intermediate follicle 

From the pool of primordial follicles, some are stimulated to grow and enter develop-
ment. The initiation of primordial follicle growth has not been elucidated but is most 
likely in response to either stimulatory or the release from inhibitory factors (85). The 
initiation of follicle growth is characterized by the growth of the flat pregranulosa cells 
into cuboidal granulosa cells.
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1.2.2.3 Primary follicle

The granulosa cells continue to undergo mitotic division until a single full layer of 
cuboidal granulosa cells is obtained. Simultaneously, FSH receptor expression is 
initiated (86). The oocyte diameter enlarges to a diameter of 60 mm (87). Once an 
entire single layer of granulosa cells is formed, the oocyte-granulosa cell complex is 
called a primary follicle.

1.2.2.4 Secondary follicle

A preantral follicle with 2 or more layers of cuboidal granulosa cells is a 
secondary follicle. The granulosa cell layer continues to proliferate and gap junc-
tions are formed between the surface membranes of the oocyte and the neigh-
bouring granulosa cells. Other changes occurring at the secondary stage include 
deposition of zona pellucida (ZP) material around the oocyte, synthesis of cortical 
granules within the oocyte cytoplasm, nucleolus reorganization and activation (88). 
Around the basal membrane of the secondary follicle, theca cells begin to emerge 
(89). Oocytes from pre-antral follicles are unable to resume meiosis, but they are 
synthesizing molecules essential for the resumption of meiosis (85, 90). 

1.2.2.5         Antral follicle

The transition from the preantral to early antral stage is characterized by the 
formation of an antrum. Once the follicle reaches a specific size, granulosa cells start 
to secrete glycoproteins, which coalesce to form the fluid- filled antral cavity within 
the granulosa cell layers (85). Although the development of preantral follicles is not 
gonadotropin-dependent (but gonadotropin-responsive), FSH treatment has been 
reported to promote early follicle development (91). FSH drives the proliferation, 
growth, and differentiation of follicles characterized by increased vascularization 
of the theca interna layer peripheral to the basal lamina, formation of a fluid-filled 
antrum within the maturing follicle, and development of two anatomically and 
functionally distinct classes of granulosa cells (83). These two different granulosa 
cell classes are the mural granulosa cells, which line the wall of the follicle and 
have a steroidogenic role, and the cumulus cells, which form an intimate association 
with the oocyte (83). Cumulus cells have highly specialized transzonal cytoplasmic 
projections that penetrate through the zona pellucida and form gap junctions at their 
tips with the oocyte, forming the cumulus–oocyte complex (COC) (92). FSH induces 
LH receptor expression in mural granulosa cells, necessary for follicles to respond 
to the LH surge. LH initiates ovulation, terminates granulosa cell proliferation, and 
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mediates the transformation from granulosa cells to luteal cells. It also regulates 
androgen production by the theca cells, which serves as a substrate for oestro-
gen synthesis in the granulosa cells (93). Most early antral follicles undergo atretic 
degeneration (94), but a few of them, under sufficient cyclic exposure to gonado-
tropin stimulation occurring after puberty, reach the preovulatory stage (83, 95, 96).

1.2.2.5 Ovulation

Ovulation is characterized by rupture of the follicle wall and release of the COC. The 
oocyte at this point has already resumed meiosis and progressed to the metaphase 
II (MII) stage. Meiotically competent oocytes acquire cytoplasmic maturation or 
developmental competence. The remainder of the follicle becomes a corpus 
luteum (CL), a temporary endocrine structure secreting the progesterone critical for 
the establishment and initial maintenance of pregnancy (97).
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1.3 Multistep In vitro culture of ovarian tissue and fol-
licles

The development of an in vitro culture model to activate and mature the residing 
primordial follicle pool to maturity would provide an excellent alternative to the 
current fertility preservation options. The goal of in vitro ovarian tissue culturing is to 
activate, mature and use the residing primordial follicle pool for fertility restoration 
(6, 73). A culture system must meet the physiologic requirements of the oocyte, 
granulosa, theca, and even the stromal cells and as these complex requirements 
change during growth, a multistep approach is appropriate (74, 75).
Antral follicle development in vitro from the primordial stage has first been achieved 
in mice and sheep (98-100). This work provided proof of concept and has driven 
the development of methods to be applied to human primordial follicle maturation 
in vitro (75, 101-103). The larger size and longer growth period of human follicles 
has challenged the translation of these techniques (75, 101-103). The most pro-
mising achievements come from the group of E. Telfer with the development of a 
two-step serum-free culture system where an accelerated primordial to antral follicle 
maturation was obtained (75). 
Applying this two-step serum-free culture system, immature follicles were grown in 
mechanically loosened cortical pieces for 6 days (Figure 1.4). Tissue preparation 
involved removal most of the underlying tissue fragmentation of the cortical strips 
into small fragments of 0.5mm3. Subsequently, the fragments were pulled with 
needles to flatten out the tissue. This tissue preparation and first culture step 
induced a significant shift from quiescent primordial follicle pool to the growing folli-
cle pool within 6-10 days (75). Histological sections of freshly isolated cortical strips 
showed that 90% of healthy follicles counted (total of 233) were at the primordial 
(60%) or transitory stage (30%), whereas the remainder were at the primary stage of 
development (10%). Degenerating/atretic follicles accounted for 8% of the total 
follicle population observed at day 0 and 14% at day 6 (75). After 6 days in culture, 
follicles had developed from the primordial/transitory stage since these stages ac-
counted for only 60% (20% primordial and 40% transitory) respectively of the healthy 
follicles counted in these samples (total of 162) and 15% (24) of healthy follicles had 
2–4 layers of granulosa cells. No antral follicles were observed in freshly isolated or 
cultured strips (75). After this 6-day culture period, from 84 cortical fragments, 74 
secondary and early antral follicles were isolated mechanically for further culture in 
the presence of activin A for 4 days (75). Isolated follicles grown in the presence of 
activin were found to maintain a healthy oocyte and form an antrum (75). 
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Figure 1.4: Schematic protocol of the multistep ovarian tissue culture system for primordial follicle 
maturation (reprinted from Telfer & McLaughlin (2012) (102))
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1.4 Pathways

Human primordial follicles are successfully been activated from dormancy in 
vivo and in vitro using ovarian fragmentation, drilling or laser techniques (32). 
These techniques disrupt the Hippo pathway, and result in growth of primordial 
follicles (79). Upon activation, in some settings the follicles were treated with PTEN 
inhibitors, PI3K activations and Akt stimulators to support further growth and 
development, even resulting in a live birth (32, 104). 

1.4.1 Hippo pathway

The Hippo pathway is a highly conserved pathway and mediates a reciprocal 
relationship between contact inhibition and mitogenic signalling (105, 106). The 
Hippo signalling pathway is essential to maintain optimal organ size and is 
conserved in all metazoan animals. Cell - cell contact, cell shape, cell density and 
tissue organization are integrated through the Hippo pathway to control cell growth 
and loss of Hippo signalling leads to cell proliferation (105). Example given, cells at 
the edges of a colony, a wound in a tissue or a tumour are more sensitive to ambient 
levels of growth factors and more likely to proliferate, migrate or differentiate through 
Hippo signalling pathway (105).
Hippo signalling consists of several negative growth regulators acting in a kinase 
cascade and associated coactivators and scaffold proteins (79, 106). The core 
components of the Hippo pathway in mammals includes mammalian Sterile 20-like 
protein kinase I (MST1) and MST2 and their regulatory protein Salvador 1 (SAV1), 
as well as large tumour suppressor homologues 1 (LATS1) and LATS2, and YAP1 
(Yes-associated protein) (Figure 1.5) (107). The Mst1/2 in complex with Sav1 
phosphorylates and activates the downstream kinase Lats. Lats in turn phosphor-
ylates the growth-promoting transcriptional activator Yes-associated protein (YAP) 
on Ser127, leading to its cytoplasmic retention (107). When the Hippo pathway is 
inactive, YAP accumulates in the nucleus and activates the transcription of several 
growth-promoting genes (5). The transcriptional co-activator with PDZ-binding motif 
(TAZ) is a transcriptional effector of YAP in the Hippo signalling cascade. YAP acts 
in concert with TEAD transcriptional factors to increase downstream CCN growth 
factors and baculoviral inhibitors of apoptosis repeat containing (BIRC) apoptosis 
inhibitors (105, 106). The growth inhibitory activity of the Hippo pathway is to 
prevent the nuclear accumulation of YAP and activation of growth-promoting genes 
and when Hippo signalling is disrupted, decreases in YAP phosphorylation increase 
nuclear levels of YAP (105).

Doctoraat C. De Roo_definitief.indd   40Doctoraat C. De Roo_definitief.indd   40 22/02/2020   20:2022/02/2020   20:20



41

General introduction

The state of the actin cytoskeleton is very important in mediating the effects of shape 
and tension of nuclear YAP/TAZ. Perturbations of the actin cytoskeleton have strong 
effects on YAP localization (105). Because polymerization of G-actin to F-actin is 
important for cell shape maintenance, adhesion, and locomotion, actin polymerization 
could link biophysical changes to the suppression of Hippo signalling and resulting 
YAP nuclear localization (108). A transient increase in ratios of F-actin to G-actin was 
detected at 1 h after ovarian fragmentation (52) and downstream decreases in pYAP 
levels and pYAP to total YAP ratios were evident suggesting Hippo signalling 
disruption (52). 

Figure 1.5: Hippo signalling pathway.

1.4.2 PI3K/Akt pathway

A redundant group of extracellular intraovarian factors are suggested to play a role 
in primordial follicle activation (79). The exact factors evoking the activation are still 
poorly understood but it is likely that diverse local growth factors involved converge 
on a common intracellular signalling pathway: the PI3K/PTEN/Akt pathway (Figure 
1.6) (79). After growth factors bind their cognate receptor tyrosine kinases (RTK), 
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auto-phosphorylation of intracellular regions of the receptors takes place. 
Activated receptors then activate PI3K. Although several RTKs have been proposed 
to activate PI3K, the KIT receptor is the most widely accepted candidate (109). At the 
membrane, PI3K catalyses the phosphorylation of phosphatidylinositol-4,5-
bisphosphate (PIP2) and converts it to phosphatidylinositol-3,4,5-trisphosphate 
(PIP3). Phosphatase and tensin homolog ten (PTEN) is a negative regulator of 
PI3K and converts PIP3 back to PIP2 (79, 83). Conditional deletion of the PTEN 
gene in granulosa cells of secondary follicles has proven to support follicle growth 
in mice (52, 110) and PTEN has been suggested to be the trigger for the proli-
feration/differentiation transition in human granulosa cells (83). PIP3, in turn, recruits 
and activates PDK1 (phosphatidylinositol-dependent kinase (79). PDK1 signalling in 
oocytes appears to be crucial for maintaining the survival of primordial follicles, which 
in turn is essential for determining the duration of female fertility. PDK activation is 
followed by Akt activation. Akt on his turn has been shown to regulate the activity of 
FOXO proteins. Activated Akt migrates to the cell nucleus and suppresses FOXO 
activities in mammalian oocytes that are involved in the transition from primordial to 
primary follicle and subsequent follicle development (111).

Figure 1.6: PI3K/Akt pathway (adapted from Hsueh et al. (2015) (79))
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2.1 Ovarian histology in transgender men

Treatment options to facilitate the social gender role transition and to live in 
accordance with the gender experienced comprises both hormone therapy and/
or surgical interventions (15). As described before, both these options impair 
future fertility. The World Professional Association for Transgender Health (WPATH) 
Standards of Care recommend in their seventh version to discuss fertility options 
with patients. Hence, transgender people represent a new group of patients con-
sulting fertility centres. Their specific needs require more insight into the effects of 
gender-affirming hormone therapy on fertility. In this first part, an observational, 
prospective cohort study investigates the effect of prolonged androgen thera-
py on ovarian histology and fertility preservation perspectives in transgender 
men. 

2.2 In vitro tissue culture in transgender men and on-
cologic patients

For some patient groups seeking fertility preservation, such as prepubertal young 
patients and women who cannot delay the start of chemotherapy, ovarian tissue 
cryopreservation is the only option available (38). At this time the only option to 
restore fertility using this tissue is by transplantation (54). As mentioned above, not all 
patients are eligible for ovarian tissue transplantation and therefore several groups 
attempt to culture ovarian tissue in vitro (52, 53, 64). The need for follicle culture 
systems that can efficiently use all classes of ovarian follicles, derived from clinically 
cryopreserved ovarian tissue as sources of gametes would maximize reproductive 
potential for future fertility. Since the majority of cortical follicles are primordial, the 
first challenge is an effective, efficient and balanced activation of this dormant follicle 
pool in vitro (74). In order to optimize the current ovarian tissue culture models, 
detailed information on the progression of the Hippo and PI3K/Akt pathways 
during tissue culture and immature follicle development is lacking. Unravelling 
this progression is mandatory to identify clues to a more effective use of primordial 
follicles in vitro. 
Another barrier in advancements in follicle research is the simple fact that an ovary 
consists of various cell types (78). This heterogeneous ovarian composition limits 
target specific analysis of the follicular unit, especially in transcriptome analysis as 
these methods require isolation of pure cell populations (112). Therefore, laser cap-
ture micro dissection (LCM) for separate collection of follicles and stromal cells was 
applied.
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In order to accurately evaluate the changes in the Hippo and PI3K/Akt pathway, the 
first step of the promising multistep cortex culture system developed by the group 
of E. Telfer was repeated (75). Follicle count and classification using haematoxylin/
eosin staining and a follicle specific analysis of the Hippo and PI3K/Akt pathway us-
ing LCM – RT-qPCR and fluorescent immunohistochemistry were performed. 

2.3 Texture profile analysis of ovarian cortex in trans-
gender men and oncologic patients

The importance of the surrounding ovarian stromal cells and extracellular matrix 
in the development and maturation of follicles has recently gained attention. While 
manipulating ovarian tissue, a difference in rigidness was noticed in comparison to 
manipulation of ovarian cortex originating from oncological patients. Tissue shape 
and stromal density are important factors that contribute to the regulation of follicle 
growth initiation in vitro as solid cubes of cortical tissue show lesser growth initiation 
(113).
To quantify and analyse this observation, a texture profile analysis (TPA) was 
performed. In this context, we describe the textural parameters of the ovarian 
cortex of transgender men after prolonged testosterone administration com-
pared to the textural parameters of the non-exposed ovarian cortex originating 
from female oncological patients.
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3.1 Abstract

Female-to-male transgender people (trans men) are faced with the risk of 
losing their reproductive potential owing to gender-affirming hormone treatment and 
genital reconstructive surgery. This observational, prospective cohort study 
investigates the effect of prolonged androgen therapy on their ovarian histology and
fertility preservation perspectives. Hormone serum levels, ovarian histo-
logy and cumulus-oocyte complexes (COC) of 40 trans men were analysed at 
the moment of hysterectomy with bilateral oophorectomy in the context of genital 
reconstructive surgery after testosterone treatment (58.18 +/- 26.57 weeks). In 
the cortex, most follicles were primordial (68.52% of total follicle count) compared 
with 20.26% intermediate and 10.74% primary follicles. Few secondary follicles 
(0.46%) and a single antral follicle were found in the sections analysed. In total, 
1313 COC were retrieved from the medulla of 35 patients (37.51 +/- 33.58 COC 
per patient). Anti-Müllerian hormone serum levels were significantly correlated 
with number of COC (Rs 0.787, P < 0.001). After 48h in vitro maturation, 34.30% 
metaphase II oocytes were obtained, with 87.10% having a normal spindle struc-
ture. In conclusion, the cortical follicle distribution in trans men, after more than a 
year of testosterone treatment, seems to be surprisingly normal. This work con-
firms the presence and in vitro maturation potential of cumulus-oocyte complexes.

3.2 Introduction

Female-to-male transgender people (trans men), are faced with the risk of los-
ing their reproductive potential owing to gender affirming hormone treatment and 
genital reconstructive surgery. Transgender people also tend to start sex 
reassignment treatment at a young age, when reproductive wishes are not yet 
clearly defined nor fulfilled (1). About one-half of trans men, however, express the 
desire to have children (2). It is, therefore, recommended by the most recent 
Standards of Care of the World Professional Association for Transgender Health 
to clearly discuss fertility and fertility preservation before any treatment (3). Hence, 
transgender people represent a new group of patients consulting fertility centres. 
Their specific needs certainly require more insight into the effects of gender-affirming 
hormone therapy on fertility and an adjusted approach in fertility centres. If taking 
steps towards preservation of fertility, cryopreservation of ovarian tissue at the time 
of hysterectomy and oophorectomy is a possibility (1, 4). No additional surgical pro-
cedure is then needed, nor ovarian stimulation in combination with frequent vaginal 
ultrasound monitoring as would be the case if oocyte cryopreservation is chosen. 
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The latter is perceived as both a physical and a psychological burden by trans men 
(4). Future use of the frozen tissue could either be transplantation of thawed cor-
tex or in vitro activation, growth and maturation of the cortical immature follicles. 
Although surgical challenges can be overcome in time, making future use of 
banked ovarian cortex of trans men a reality, transplantation of ovarian cortical 
strips in trans men can include unwanted side-effects by restoring female hormone 
activity. In this perspective, in vitro activation, growth and maturation of these immature 
follicles would broaden reproductive perspectives for trans men. The developmental 
potential of the residing follicles in the ovary, having been exposed for a prolonged 
period to supraphysiological doses of testosterone, remains to be determined. 
Primordial follicles are not depleted from the ovarian cortex of trans men as a 
result of the gender-affirming hormone treatment (5). Furthermore, it has been 
shown that the cortical-residing follicles actually can resume growth and maturation 
after xenotransplantation (6). The standard procedure for banking of ovarian tissue, 
as described elsewhere (7-9) still implies in many centres, that the cortical region 
composed of primordial follicles is cryopreserved and the medulla discarded. This 
could lead to discarding potentially important gametes as growing antral follicles 
have been found in the medulla during the manipulation of the ovarian cortex for 
cryopreservation in oncologic fertility preservation programmes (10, 11). It has been 
shown, in an oncologic patient cohort, that these cumulus–oocyte complexes (COC) 
can be recovered from the antral follicles and subsequently matured and cryo-
preserved in vitro (8-11). The presence of these COC, nor their in vitro maturation 
potential, has so far been confirmed during the processing of ovaries originating 
from trans men. The primary aims of this study were to investigate ovarian histo-
logy in trans men and the possibility of ex vivo harvesting of COC in the medulla 
during the processing of ovarian tissue cryopreservation after a prolonged period of 
testosterone use. These biological observations will be plotted against the hormonal 
status of the trans men at the time of ovarian tissue cryopreservation, aiming to find 
associations between ovarian cortical follicle count or medulla derived COC content 
and clinical or biochemical markers.

3.3 Materials and methods

3.3.1 Study design

This study was approved by the Ethical Committee of Ghent University Hospital 
(UZ Ghent Reference: 2012/780, Belgian registration number B670201 21 5468) 
on 13 November 2012. A total of 40 people were included between April 2013 and 
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May 2015. Of these 40 people, cortical histology and anti-Müllerian hormone (AMH) 
serum levels were analysed. Additional hormone serum level sampling (FSH, LH, 
oestrogen, progesterone, testosterone, total and free fraction and sex hormone 
binding globulin (SHBG)) was introduced in the study protocol after inclusion of the 
first 10 people (n = 30). Information on the number of COC was included in 35 
people. After a period of optimization (12), COC of 27 individuals could be in 
vitro matured following our established research protocol (as described below). 
In 16 individuals, 124 of the matured second metaphase (MII) oocytes were sub-
sequently used for detailed spindle analysis. The remaining matured MII oocytes 
(two MII oocytes were lost during fixation/staining procedure) were used for other 
research projects.

3.3.1.1 Hormone serum levels

A preoperative blood sample, at the time of hysterectomy with bilateral 
oophorectomy, was taken to define the hormone serum levels. An overview of the 
patient characteristics, including hormonal status and reference values, is given in 
Table 3.1. Hormone levels were determined at the Department of Clinical Biology 
of Ghent University Hospital as part of the standard patient follow-up using a E170 
Modular® (Roche Diagnostics, Mannheim, Germany), except for AMH serum levels 
(A73818, Elisa Immunotech, Beckman Coulter, Woerden, Nederland). Because of 
changes in the Department of Clinical Biology of Ghent University Hospital, AMH 
serum levels of five patients were determined using the AMH Roche E170 (Roche 
Diagnostics, Mannheim, Germany), and were therefore excluded from our analysis 
as it is not recommended to compare absolute AMH values from different assays 
(13). Serum-free testosterone was calculated from the total testosterone fraction and 
SHBG according to Vermeulen et al. (1999) (14).

3.3.1.2 Ovarian tissue collection and processing

Immediately after hysterectomy with bilateral oophorectomy, the entire ovaries were 
transported to the laboratory on ice, in Leibovitz L-15* medium (Life Technologies, 
Merelbeke, Belgium), supplemented with 0.45% human serum albumin (Red Cross, 
Belgium) (further referred as manipulation medium). The ovaries were bisected and 
the medulla was carefully removed by scraping with a scalpel to prepare the cortical 
tissue to the required thickness of 1 mm, as described elsewhere (7-9). This cortex 
was subsequently fragmented in pieces of 5 x 5mm2. Cortical strips of both ovaries 
were pooled and one piece was randomly collected, fixed in 10% buffered formalin 
(Sigma-Aldrich, Bornem, Belgium) for a maximum of 24h and embedded in paraffin 
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(Thermo Scientific, Erembodegem, Belgium). The remaining cortical pieces were 
cryopreserved for either fertility preservation or research purposes, according to 
the patients’ choice. During ovarian tissue processing, the medulla was minced into 
small pieces in a petri dish with manipulation medium. These dishes were examined 
under a stereomicroscope for the presence of COC. All COC were transferred to 
gamete buffer medium (Cook Ireland Ltd, Limerick, Ireland) at 37°C, which served 
as a holding medium during the process of the COC collection. Finally, each COC 
was transferred to a modified pre-equilibrated in vitro maturation (IVM) medium as 
described further. For two patients, whole-ovary fixation was carried out. During this 
procedure, the entire ovary was fixed in 10% buffered formalin for the purpose of 
whole-organ paraffin embedding.

3.3.1.3 Follicle classification

The paraffin-embedded ovarian cortical tissue piece was serially sectioned at 5 mm, 
resulting in 10 slices of 5 mm x 5 mm (surface) 5 mm (depth), and stained with 
(Mayer) haematoxylin (Merck, Overijse, Belgium) and eosin (Thermo Scientific, Er-
embodegem, Belgium). Follicles were analysed using an inverted microscope with a 
40x magnification. Follicles were classified according to the Gougeon (1986) classi-
fication for human follicles (Figure 3.1): primordial follicle (an oocyte surrounded by 
a single layer of flattened granulosa cells (Figure 3.1a); intermediate follicle (a single 
layer of flattened and cubical granulosa cells surrounds the oocyte) (Figure 3.1b); 
primary follicle (a single layer of exclusively cubical granulosa cells surrounds the 
oocyte) (Figure 3.1c); secondary follicle (an intact second layer of cubical granulosa 
cells surrounds the oocyte) (Figure 3.1d); antral follicle (more than two layers of 
cubical granulosa cells surrounds the oocyte in presence of an antrum) (not shown) 
(15). Follicles were classified on the section containing the nucleus to avoid double 
counting. Two independent observers analysed the follicles and the mean of the 
two observations was used for further analysis. Hence, the follicle count sometimes 
resulted in decimal numbers.
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Figure 3.1: Follicle classification. Haematoxylin/eosin staining: (A) primordial follicle, 40x (scale bar = 
20mm); (B) intermediate follicle, 40x (scale bar = 20mm); (C) primary follicle, 40x (scale bar = 20mm); (D) 
secondary follicle, 40x (scale bar = 20mm).

3.3.1.4 In vitro maturation

The IVM medium consisted of tissue culture medium 199 (Sigma-Aldrich, Bornem, 
Belgium) supplemented with 10 ng/ml epidermal growth factor (Sigma-Aldrich, 
Bornem, Belgium), 1 mg/ml oestradiol (Sigma-Aldrich, Bornem, Belgium), 10 mIU/
ml recombinant FSH (Puregon, Organon, The Netherlands), 0.50 mIU/ml HCG 
(Pregnyl, Organon, The Netherlands), 1 mM L-glutamine (Sigma-Aldrich, Bornem, 
Belgium), 0.30 mM sodium pyruvate (Sigma-Aldrich, Bornem, Belgium), 0.80% hu-
man serum albumin, 100 IU/ml penicillin G (Sigma-Aldrich, Bornem, Belgium) and 100 
mg/ml streptomycin sulphate (Sigma-Aldrich, Bornem, Belgium). All medullar COC 
were cultured individually in 25 ml drops of IVM medium overlaid with pre-incubated 
embryo-tested light mineral oil in a humidified atmosphere at 5% CO2 and 6% O2  

at 37°C for 48h. In vitro maturation time was studied in a one-step 24h, one step 
4h, and a consecutive 24–48h protocol, where the percentage of MII oocytes was 
highest when the one-step 48h in vitro maturation time was carried out (data not 
shown) (12).
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3.3.1.5 Spindle analysis: fixation, fluorescence labelling and confocal mi-
croscopy

As described by Mattson and Albertini (1990), MII oocytes were simultaneously 
fixed and extracted in a microtubule-stabilizing buffer. To visualize microtubules, MII 
oocytes were incubated in the presence of a mixture of mouse monoclonal anti-α, 
β-tubulin (1:200); Sigma, Bornem, Belgium) overnight at 4°C, followed by Alexa Fluor 
488 conjugated goat-anti-mouse immunoglobulin G (1:200); Molecular Probes, Life 
Technologies, Merelbeke, Belgium) for 2 h at 37°C (16). Chromatin was stained with 
ethidium homodimer-2 (1:500); (Molecular Probes, Life Technologies, Merelbeke, 
Belgium) for 1 h at 37°C. Labelled MII oocytes were washed and mounted in Mowiol 
4–88 (Sigma-Aldrich, Bornem, Belgium) containing 0.01% phenylenediamine (Sig-
ma-Aldrich, Bornem, Belgium) as an anti-fading reagent. Slides were stored in the 
dark at 4°C until analysis. Images of labelled MII oocytes were observed using a 
Nikon scanning laser confocal microscope (SLCM) with a 60x oil immersion objec-
tive (Nikon, NA = 1.40). A three-dimensional image of the micro tubular structure 
and chromosomes was rendered from Z-axis stacks (0.75mm/step) by using ImageJ 
software (rsbweb.nih.gov/ij/). Meiotic spindle configuration of the oocytes was 
classified based on the classification of Combelles et al. (2011) (17): normal if 
microtubules were barrel shaped and formed two opposite pointed poles, also called 
bipolar; or slightly aberrant, if shapes were bipolar with no pointed poles. Abnormal 
if shapes were bipolar with irregularities at the equator or at the poles; or nonbipolar, 
including mono-, or multi-polar instances. On the basis of chromosomal distribution 
in the metaphase plate, oocytes were classified as followed: normal when chromo-
somes were aligned at equatorial plate, or if six chromosomes or less were sepa-
rated from the equatorial region. Abnormal chromosome distribution if dispersed, 
or more than six chromosomes away from equatorial region or all chromosomes 
located throughout the spindle. If both meiotic spindle configuration as well as chro-
mosomal distribution were evaluated as normal, the spindle analysis was classified 
as normal.

3.3.1.6 Statistical analysis

Statistical analysis was conducted with IBM SPSS Statistics 23 (IBM Corp., New 
York, USA). For statistical analysis, hormone serum levels of LH less than 0.10 
U/L were coded as the lower limit, being 0.10 (n = 3) and an immeasurable high 
testosterone level was defined as missing (n = 1). To correct for the variation in 
the number of sections per sectioned paraffin-embedded ovarian cortical tissue 
piece, the results were recalculated per section unit. The inter-observer variation in 
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follicle classification was verified according to Bland–Altman’s limits of agreement. If 
the difference between the two observations exceeded a single standard deviation, 
the section was counted again. Normality was tested using the Shapiro–Wilk test. 
Correlation analysis was conducted through inspection of scatter plots to rule out 
other correlations than linear and by using Spearman’s rank-order correlation tests. 
A linear regression test was calculated to predict the number of COC based on AMH 
serum levels. Regression diagnostics did not reveal any substantial discrepancies 
for the assumption of the regression analysis (visual inspection of a residual plot, a 
normal probability plot of the residuals and statistically non-significant test for hetero-
scedasticity). P < 0.05 was considered to be statistically significant.

3.4 Results

3.4.1 Patient characteristics

Forty patients with a mean age of 24.30 +/- 6.15 years, after excluding one 
person with known polycystic ovary syndrome were finally included in this study. 
Of these 40 people, 24 (60%) did not smoke, four (10%) were active smokers and 
12 (30%) stopped smoking. All of them underwent a hysterectomy with bilateral 
oophorectomy in the context of genital reconstructive surgery after a period of 
testosterone treatment (mean duration 58.18 +/- 26.57 weeks). Transvaginal ultra-
sound was not carried out during the treatment, because of the additional psycho-
logical distress for the patients. Testosterone treatment consisted of intramuscular 
testosterone undecanoate 1000 mg every 12 weeks (Nebido) (n = 26 [65%]), oral 
testosterone undecanoate 160 mg daily (Pantestone) (n = 1 [2.5%]), transdermal 
testosterone gel 50 mg daily (Androgel) (n = 3 [7.5%]) or an intramuscular blend 
of four esterized testosterone compounds 250 mg every 2 weeks (Sustanon) (n 
= 10; 25%). Some of the patients (n = 4) using an intramuscular blend of four es-
terized testosterone compounds (Sustanon) were still increasing their dose (25 to 
50 to 75 mg regimen), with a median dose of 50 mg at the moment of surgery. 
Statistical sub-analysis (Kruskal–Wallis test) did not show a significant difference in 
serum testosterone levels (free and total testosterone) when comparing the 
different testosterone treatment types and dosages. An overview of patient 
characteristics, including hormonal status and reference values, can be found 
in Table 3.1.
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Table 3.1: Overview of patient characteristics

Mean + SD Reference values

Age (years) 24.30 + 6.15 --

BMI (kg/m2) 24.15 + 4.24 20.00-25.00

Duration menses inhibition (weeks) 70.59 + 31.89 --

Duration testosterone treatment 
(weeks)

58.18 + 26.57 --

AMH (μg/L) 4.66 + 3.84 (0.66-8.42)

FSH (U/L) 3.11 + 1.96 (follicular 3.00-13.00; ovulatory 5.00-
22.00; luteal 2.00-8.00)

LH (U/L) 2,67 + 3.41 (follicular 2.00-13.00; periovulatory 
14.00-96.00; luteal 1.00-11.00)

Oestradiol (ng/L) 44.31 + 17.93 (follicular 12.00-166.00; periovulatory 
86.00-498.00; luteal 44.00-211.00)

Progesterone (μg/L) 0.86 + 0.41 (follicular <1.60; luteal 1.70-27.00)

Testosterone total (ng/dL) 470.59 + 269.16 (8.40-48.10)

Testosterone free fraction (ng/dL) 11.00 + 5.88 (0.02-0.64)

SHBG (nmol/L) 24.12 + 10.19 (10.50-164.00)

3.4.2 Count and percentage distribution of cortical follicles

The ovarian cortical tissue slices per patient were counted by two observers. The 
mean count of the two observers showed a total of 3613.50 follicles, with a mean 
of 90.34 +/- 118.02 follicles per patient (with minimum 2.00 and maximum 614.50 
follicles per patient). The detailed follicle distribution is presented in Table 3.2. Most 
of the follicles were primordial (2476.00 primordial follicles in total, being 68.52% of 
the total follicle count) compared with 732.00 intermediate follicles (20.26% of total) 
and 388.00 primary follicles (10.74% of total). Very few secondary follicles (16.50 
secondary follicles, 0.46% of total) and only a single antral follicle (0.03% of total) 
were found in all sections analysed in the study.
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Table 3.2: Cortical count and percentage distribution of follicles

Follicle 

stage

Total Primordial Intermedi-

ate

Primary Secondary Antral

Mean 90.34 61.90 18.30 9.70 0.41 0.02

SD 118.02 90.66 23.56 11.50 0.76 0.16

Median 59.25 39.50 9.75 5.25 0.00 0.00

Minimum 2.00 0.00 0.50 0.00 0.00 0.00

Maximum 614.50 501.50 101.50 45.00 4.00 1.00

Sum 3613.50
(100.00%)

2476.00
(68.52%)

732.00
(20.26%)

388.00
(10.74%)

16.50
(0.46%)

1.00
(0.03%)

3.4.3 Modelling of hormone serum levels and ovarian cortical 
observations

In order to determine correlations between the ovarian cortical observations 
and the hormone serum levels in trans men, a correlation analysis between the 
individual hormone serum levels and the total number of follicles as well as the 
different follicle stages was carried out. None of the hormone serum levels correlat-
ed with the follicle numbers, nor did the duration of the testosterone therapy or the 
patients’ age. An overview of the Spearman correlation coefficients and corres-
ponding P-values of the correlation analyses is presented in Table 3.3. The correlation 
with the number of antral follicles could not be studied, as only one antral follicle was 
found in the randomly selected ovarian cortical tissue strips. Additional inter-hormonal 
correlation analysis was conducted to study possible interactions. This analysis showed a 
significant positive and strong correlation between FSH and LH (Rs = 0.762, P < 
0.001), between the total and the free fraction of testosterone (Rs = 0.933, P < 
0.001) and a significantly moderate correlation between SHBG and the total 
testosterone fraction (Rs = 0.429, P = 0.018). The duration of testosterone treatment 
did not correlate with any hormone serum level.
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Table 3.3: Correlation between hormone serum levels and follicle classification

Total Primordial Inter-

mediate

Primary Secondary Antral

AMH -0.130 0.027 -0.019 0.100 0.180 --

FSH 0.140 0.112 0.062 0.138 0.148 --

LH 0.088 0.117 0.030 0.095 -0.087 --

Estradiol -0.071 -0.084 -0.065 -0.044 -0.158 --

Progesterone -0.048 -0.039 -0.045 0.035 -0.177 --

Testosterone -0.085 -0.065 -0.049 0.103 -0.256 --

Free 
Testosterone

-0.067 -0.081 -0.014 -0.067 -0.163 --

SHBG 0.160 0.214 0.105 -0.010 -0.193 --

Age 0.028 0.004 0.091 0.089 -0.097 --

Duration 
testosterone 
treatment

0.229 0.255 0.209 0.254 0.053 --

3.4.4 Cumulus-oocyte complexes and in vitro maturation

In total, 1313 COC were collected from the medulla suspensions of 35 
patients. A median of 27 COC per patient were retrieved (minimum four COC and 
maximum 174 COC). These COC are most probably released from antral follicles by 
scraping the cortex on the dissection plane as described further. After 48h IVM 
34.30% (334/974)) of MII oocytes were observed (n = 27 patients) (Figure 3.2). 
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Figure 3.2: (A) Cumulus oocytes complexes during manipulation of ovarian cortex tissue and before 
maturation (scale bar = 233.30 mm). After 48 h in vitro maturation: (B) germinal vesicle oocyte (scale bar 
= 31.30 mm); (C) germinal vesicle breakdown oocyte or metaphase I oocyte (scale bar = 28.30 mm); (D) 
metaphase II oocyte (scale bar 31.80 mm).

MII oocytes (n = 124) obtained from 16 patients were fixed and stained for detailed 
spindle analysis. A normal spindle pattern was observed in 94.35% (117/124); being 
71 (57.26%) bipolar spindles with pointed poles and 46 (37.10%) bipolar spindles 
with flattened poles in spindles. Abnormal shapes included three (2.42%) bipolar 
spindles with irregularities at poles or equatorial plate and four (3.23%) non-bipolar, 
mono- or multipolar spindles. A normal chromosome pattern was seen in 87.10% 
(108/124) of the spindle configurations, of which 82 (66.13%) were perfectly aligned 
and 26 (20.97%) chromosome patterns were mostly aligned with six chromosomes 
or less away of the equatorial plate. An abnormal (dispersed) chromosome pattern 
could be observed in 16 (12.90%) of the spindles. Considering a normal spindle 
pattern as being bipolar spindle structures with or without pointed poles and a 
chromosome alignment with none, or six chromosomes or less out of the equatorial 
plate, we calculated 87.10% (108/124) normal spindles (Figure 3.3).
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Figure 3.3: Confocal imaging section of meiotic spindle configuration of in vitro matured MII oocytes. 
Chromosomes were stained red and microtubuli stained green. Normal spindle formation (Figure 3.3a 
and 3.3b); (A) barrel shaped microtubuli, which formed two opposite pointed poles (*), bipolar. Aligned 
chromosomes at the equatorial region (arrow); (B) slightly aberrant shaped microtubules with no pointed 
poles (**) and six chromosomes or less separated from the equatorial region (arrow). Abnormal spindle 
formation (Figure 3.3c and 3.3d); (C) irregularities of the microtubuli at the equatorial region and at the 
poles. Chromosomes away from equatorial region and located throughout the spindle (arrow); (D) bar-
relled shaped poles (**) with more than six chromosomes away from equatorial region (arrow).

3.4.5 Modelling of hormone serum levels and ovarian medulla 
observations

To determine correlations between the ovarian medulla observations and the 
hormone serum levels in trans men, a correlation analysis between the individual 
hormone serum levels and the total number of recovered COC and in vitro matured 
MII was conducted. AMH serum levels correlated strongly with the number of COC 
(Rs 0.787, P < 0.001), as well as with the number of in vitro matured MII oocytes (Rs 

0.760, P < 0.001), MI oocytes (Rs 0.768, P < 0.001) and germinal vesicle oocytes (Rs 
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0.787, P < 0.001). Next, linear regression analysis showed an equation y = 0.847 + 
7.48x (R2 0.714) with a nonsignificant intercept (b0 = 0.847; 95% CI −10.44 to 12.19) 
but a significant increase of the estimated mean number of COC with factor 7.48 
per unit AMH (mg/L) (P < 0.001, 95% CI 5.73 to 9.23), as shown in Figure 3.4. The 
number of COC did not correlate with other hormone serum levels nor with duration 
of testosterone treatment. An overview is given in Table 3.4.

Figure 3.4: Correlation between anti-Müllerian serum levels and cumulus-oocyte complexes. Linear re-
gression analysis y = 7.48x (b0 = 0.847; non-significant; 95% CI −10.44 to 12.19; b1 = 7.48; P < 0.001; 
95% CI 5.73 to 9.23; R2 0.714). AMH, anti-Müllerian hormone.
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Table 3.4: Correlation between hormone serum levels and cumulus-oocyte 
complexes (COC) and results following 48h of in vitro maturation

P-value COC MII MI GV Others
AMH 0.787* 0.760* 0.768* 0.734* 0.612*

FSH -0.271 -0.213 -0.256 -0.224 -0.213

LH 0.088 -0.103 0.058 0.064 -0.015

Estradiol 0.128 0.176 0.197 0.081 0.034

Progesterone 0.249 -0.062 0.210 0.126 0.173

Testosterone 0.263 -0.042 0.300 0.198 0.190 

Free 
Testosterone

0.331 -0.131 0.323 0.316 0.165

SHBG 0.056 0.182 0.253 -0.029 0.017 

Age -0.195 -0.05 -0.256 -0.160 -0.072 

Duration 
Testosterone 
treatment

-0.215 -0.307 -0.239 -0.183 -0.369

 
* = statistically significant.

3.4.6 Histological analysis of the entire ovary

To locate the AMH-producing follicles, giving rise to the COC found in the 
medulla, whole ovary fixation was carried out. The organ was embedded in paraffin 
and stained with haematoxylin and eosin. Antral follicles were clearly located on the 
transition plane between cortex and medulla tissue (Figure 3.5). This border-
line is actually the exact dissection plane during ovarian tissue cryopreservation 
procedures. Therefore, the more mature follicle stages are cut out of their location 
and found in the residual manipulation medium during processing. This observation 
clarifies the reason why only one antral follicle could be found in the cortical tissue 
slices.
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Figure 3.5: Haematoxylin/eosin staining of an entire ovary (scale bar 2000 mm). Antral follicles are locat-
ed on the boundary between cortex (*) and medulla (**).

3.5 Discussion

In the present study, ovarian histology in trans men at the moment of ovarian 
tissue cryopreservation was investigated after more than a year of testosterone 
treatment. The first part addressed the cortical follicle count. Most of the follicles were 
primordial, fewer were intermediate and primary follicles and very few were secon-
dary follicles. A particular and specific weakness of this study is the inability to include 
an age-matched control group. In the described age group (24.3 +/- 6.15 years), 
oophorectomy in healthy normal fertile women rarely occurs, in some exceptions 
for a benign or malignant ovarian mass. On the basis of the study by Pavone et al. 
(2014), it is shown that this is not an appropriate control group as follicle density in 
the cortex surrounding an ovarian malignancy is decreased (18). In case of benign 
ovarian lesions, ovarian stroma may proliferate, resulting in the same number of fol-
licles but spread over a larger surface area (18). Also, preventive oophorectomy in 
patients carrying a BRCA mutation did not seem an appropriate control group as the 
mutation might be associated with reduced follicular pools (18). To put our results in 
perspective, we compared our findings to ovarian histology of age-matched normal 
fertile women in other published studies. Gougeon and Chainy (1987) described the 
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ovaries of normal fertile women age 19–30 years (15). Their work showed a corti-
cal distribution of 65.20% primordial follicles (compared with 68.52% in our study), 
27.39% intermediate follicles (compared with 20.26%), 6.16% primary follicles (com-
pared with 10.74%) and 1.26% secondary follicles (compared with 0.46%). On the 
basis of this careful comparison, it is noteworthy that the cortical follicle distribution 
apparently does not shift in ovaries exposed to supraphysiological doses of 
testosterone for about a year. Plotting these histological findings against clinical and 
biochemical markers showed no correlations with the cortical follicle numbers at 
the moment of fertility preservation. The heterogeneous cortical follicle distribution 
undoubtedly affects the interpretation of the correlation analyses described in this 
study and thus, additionally, our results cannot entirely address all potential effects 
of supraphysiological doses of testosterone. In ovarian physiology, the two-cells-
two-hormones model describes the cooperation of theca cells and granulosa cells 
and the role of gonadotrophins in steroidogenesis. In theca cells, androstenedione 
and testosterone are produced in response to the LH stimulus. Following passive 
transport, the androgens are converted in oestrogens (oestrone and oestradiol 
respectively) by aromatase enzyme under the stimulus of FSH (19, 20). Androgens 
are known to be enhancers of FSH-dependent follicular growth and development by 
inducing follicular FSH receptor expression (19, 21, 22) and lower levels of andro-
gens are likely to have anti-atretic effects (22). Importantly, the effects of androgens 
are mediated through the androgen receptor and not by conversion to oestrogens, 
as the administration of dihydrotestosterone (not convertible to oestrogens) results 
in the same ovarian effects (19). Apart from possible effects on the follicular unit, 
supraphysiological testosterone doses can also have a potential influence on the 
ovarian stroma (23). Additionally, high testosterone serum levels do not necessarily 
correlate with high levels of testosterone in the ovary. Therefore, our results cannot 
unravel the entire effect of testosterone on the ovary, however, it might contribute 
to fertility counselling concerning follicle presence at the moment of fertility preser-
vation for trans men after a prolonged period of gender-affirming testosterone treat-
ment. One of the major findings of our work is the high number of COC (median of 27 
per patient) recovered during the preparation of the tissue. As previously mentioned, 
the applied procedure is the current standard procedure of tissue preparation for 
ovarian cortex cryopreservation. This research indicates that, similar to the findings 
in an oncologic patient cohort (8), the current procedure leads to discarding poten-
tially important gametes. These high numbers of COC also explain the relatively 
high AMH serum levels (mean 4.66 +/- 3.84 mg/L) in relation to the rather scarce 
AMH producing follicle yield in the cortex. As known thus far, AMH is secreted by the 
granulosa cell, starting at the primary follicle stage. The granulosa cells of the pri-
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mordial follicles, the larger antral and pre-ovulatory follicles do not contribute to the 
AMH production (13, 24, 25). The described follicle pool in the cortex could, there-
fore, not entirely explain the observed AMH-production. A limitation in our study is, 
however, the lack of baseline AMH serum levels in order to be able to study possi-
ble changes. Caanen et al. (2015) described a significant decrease in AMH serum 
levels after 8 weeks of daily transdermal testosterone gel, which is significantly 
shorter and lower dosed than the administration of more than a year of intramuscular 
testosterone (21). Furthermore, in their population, the testosterone treatment was 
combined with a GnRH agonist and an aromatase inhibitor (21). Although interesting, 
these methodological differences make it impossible to correctly compare results. 
We have calculated an average estimated increase in the number of COC with about 
7.5 per unit AMH in trans men. This is important information for patient counselling as 
it is possible to estimate an average yield based on AMH levels before the surgery. 
The number of collected COC in trans men, a mean of 37.51 +/- 33.58 in our study, 
compared with a recovery rate of 8.1 COC in cancer patients (as reviewed by Segers 
et al., 2015) is remarkable (8). The high number of COC recovered in trans men could 
also be caused by the androgen induced FSH and LH down regulation resulting in 
anovulation and subsequently the accumulation of antral follicles. It is important to 
state that the oocyte yield in our study population is the result of processing two 
ovaries in trans men, in contrast to one ovary or even biopsies in cancer patients. A 
maturation rate of 36% (8) is comparable to the in vitro maturation rate of COC 
retrieved from the ovaries of trans men (34.30%). Apart from the normal spindle 
structure in 87.10% of the in vitro matured MII oocytes, it is necessary to deter-
mine the developmental capacity of these in vitro matured oocytes. Wissing et al. 
(2014) showed that embryos from hyper-androgenic women with polycystic ovary 
syndrome developed slower from fertilization to the seven-cell stage compared with 
embryos from healthy controls, so impaired embryo development of invitro matured 
oocytes derived from ovaries of trans men should be taken into account (26).
In conclusion, this study shows that cortical follicle distribution in trans men seems 
to be surprisingly normal after more than a year of testosterone treatment. This 
study confirms the presence and invitro maturation potential of COC obtained during 
the tissue processing of ovaries procured in trans men. An estimated increase of 
7.5 COC in relation to a single unit AMH enables the prediction of COC yield in 
clinical practice based on AMH serum levels. The recovered COC show a maturation 
percentage of 34.30% and a normal spindle structure and chromosome alignment.
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4.1 Abstract

Study question: How do the Hippo and PI3K/Akt pathway components change in 
function of follicle development during the first step of a multistep cortex culture sys-
tem with tissue derived from oncological patients and transgender men? 
Summary answer: Results highlight a Hippo pathway driven primordial follicle 
activation, with the most important changes in primordial follicle activation and Hippo 
signalling happening from day 0 to day 4 in vitro.
What is known already: The aim of in vitro culture of ovarian tissue is to activate, 
mature and use the residing primordial follicle pool for fertility restoration in a variety 
of patients with a threatened ovarian reserve. Not all patients are eligible for ovarian 
cortex transplantation and therefore several groups attempt to culture ovarian tissue 
in vitro.
Study design, size, duration: The first step of a multistep cortex culture system was 
performed using 144 ovarian cortex pieces of in total 6 patients. Per patient, 24 
cortical strips were cultured for 6 days and 6 pieces per patient were collected for 
downstream analysis every second day.
Participants/materials, setting, methods: Ovarian tissue was obtained from 2 target 
patient populations, being oncological patients (N=3) and transgender men (N=3). 
Oncological patients (28.67 + 4.51 years), underwent unilateral oophorectomy for 
fertility preservation purposes prior to chemotherapy and consented to donate their 
cryopreserved ovarian tissue to research post-mortem. Oncological indications 
for fertility preservation comprised acute lymphoblastic lymphoma, breast cancer 
and acute myeloid leukaemia. None of the patients received chemo- and/or radio-
therapy before the oophorectomy. In parallel, 3 post pubertal age-matched trans-
gender men (23.33 + 1.53 years) consented to donate their ovarian tissue upon bilateral 
oophorectomy for gender confirming surgery. All transgender men included in 
this study received intramuscular testosterone undecanoate 1000mg every 12 
weeks during 55.33 + 1.15 weeks as cross-sex hormone treatment prior to the 
oophorectomy. 
Follicle progression was examined using haematoxylin-eosin staining and the Hippo 
and PI3K/Akt pathways were studied using immunohistochemistry and laser capture 
micro dissection for RT-qPCR analysis.
Main results and the role of chance: Studying the progression of the pathways 
during culture and follicle development, this work confirmed a Hippo pathway driven 
primordial follicle activation by mechanical manipulation of the cortical strips. 
The most important changes in primordial follicle activation and Hippo signalling 
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appeared to happen from day 0 to day 4 in vitro. A different activation was 
discovered comparing the patient groups, most possibly due to an altered cortical matrix 
following exogenous testosterone therapy.
Large scale data: N/A
Limitations, reasons for caution: A limitation of this work is the small sample size, 
inherent to this study subject. Cryopreserved tissue for fertility preservation is 
only limited available for research, especially if a large amount of tissue is need-
ed to reduce inter patient variation in different downstream analysis techniques. A 
particular and specific weakness of this study is the inability to include an age-
matched control group. In the described age group, oophorectomy and cryo-
preservation of ovarian tissue in healthy fertile women rarely occurs, making a 
comparative tissue culture and downstream pathway analysis not feasible. The find-
ings in this work remain however valuable as previously suggested pathways are 
now extensively documented in the target groups of this tissue culture technique.
Wider implications of the findings: The most important changes in primordial fol-
licle activation and Hippo signalling appeared to happen from day 0 to day 4 in 
vitro. These findings lead to recommend a shorter phase 1 tissue culture, preferably 
patient group specific, being 2 days for oncological and 4 days for transgender cor-
tex. An earlier change to preantral follicle medium conditions can be of interest to 
increase tissue culture efficacy.
Tissue preparation for culturing might benefit from adaptations for different target 
patients, in this study illustrated by a different activation in the cortex derived from 
transgender men versus oncological patients following Hippo pathway disruption. 
In this context, a stiffer cortical “niche”, favouring Hippo pathway signalling where 
disruption might cause a more pronounced effect should be taken into account.
The massive activation of primordial follicles based on Hippo interruption may also 
have reflection on tissue cryopreservation for transplantation. If transplantation is 
the intended technique upon thawing, the primordial follicle pool might benefit from 
larger strips (and thus less Hippo pathway disruption) where less recruitment (and 
thus burnout) could be a huge benefit.
Study funding/competing interest(s): This research was financially supported by the 
Foundation Against Cancer (Stichting tegen Kanker) and the Gender Identity Re-
search and Education Society (GIRES) foundation. P.D.S. is holder of a fundamental 
clinical research mandate by the Flemish Foundation of Scientific Research (FWO 
Vlaanderen), Belgium. The authors declare no competing interests.
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4.2 Introduction

Human ovarian tissue cryopreservation is a fertility preservation technique that 
has been performed from many years, gradually shifting from an experimental to a 
clinically implemented fertility preservation approach (1, 2). The goal of storing 
ovarian tissue is to safeguard the primordial follicle pool for destructive influences 
originating from gonadotoxic treatments. Autologous transplantation of the stored 
tissue in post pubertal women most commonly orthotopically (3, 4), but also hetero-
topically (5), has resulted in more than 130 births worldwide (6, 7). However, 
not all patients are eligible for transplantation and therefore several groups at-
tempt to culture ovarian tissue in vitro (6, 8, 9). The common goal of both trans-
plantation and in vitro culturing of ovarian tissue is to activate, mature and use 
the residing primordial follicle pool for fertility restoration in a variety of patients 
with a threatened ovarian reserve, including cancer patients facing a gonado-
toxic treatment, transgender men undergoing a (bilateral) oophorectomy, patients 
diagnosed with primary ovarian insufficiency or aging associated subfertility (1, 10). 
An efficient use of the cryopreserved cortical follicular reserve remains a challenge. 
In order to produce meiotically and developmentally competent oocytes through in 
vitro tissue culturing, many hurdles still remain (11). Since the majority of cortical 
follicles are primordial, the first challenge is an effective, efficient and balanced ac-
tivation of this dormant follicle pool in vitro (11). Transplanting ovarian tissue does 
indeed successfully activate the dormant follicle pool. The graft lifespan how-
ever, and thus reproductive potential of the grafted tissue, is limited (4-5 years) 
(12-14), due to a very effective, but unbalanced activation of the primordial 
follicles resulting in an early follicle burnout (15). This delicate equilibrium of controlled 
activation is the result of the complex combination of inhibitory and stimulatory factors of 
primordial follicle activation (16). The promising advances in tissue culturing and trans-
plantations should therefore be fine-tuned according to this balance to increase their 
efficacy. 
In this context 2 pathways, the Hippo pathway and the PI3K/Akt pathway, are of 
interest (17). The Hippo pathway mediates a reciprocal relationship between cell-
cell contact growth inhibition and mitogenic signalling (18). Fragmentation of the 
cortex, hereby disturbing cell-cell contact, and molecular targeting of the path-
way, for instance with sphingosine-1-phosphate, were found to disrupt the Hippo 
signalling, leading to an increased expression of downstream growth factors and 
follicle growth (8, 16, 19, 20). The PI3K/Akt pathway on the other hand, is consid-
ered the intracellular pathway to where the different extracellular factors involved in 
primordial follicle activation in vivo converge to (16). A number of extracellular ligands 
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involved in primordial follicle growth have been identified, including kit ligand, vascular 
endothelial growth factor, insulin-like growth factor I and others (16). The exact 
trigger of primordial follicle activation remains unidentified, however, all these fac-
tors tend to have a common intracellular pathway, the PI3K/Akt pathway. In order 
to optimize the current ovarian tissue culture models, detailed information on the 
progression of these pathways during tissue culture and immature follicle develop-
ment is lacking. Unravelling this progression is mandatory to identify clues to a more 
effective use of primordial follicles in vitro. 
Another barrier in advancements in follicle research is the simple fact that an 
ovary consists of various cell types, such as connective tissue, neurons, follicles, 
stromal cells and blood vessels (21). These different cell types possibly contain 
different pathway molecules, all influencing the bidirectional paracrine communication 
between the follicle and surrounding somatic cells, making it very difficult to distin-
guish the inhibitory and stimulatory factors of primordial follicle activation (16, 21, 
22). This heterogeneous ovarian composition limits target specific analysis of the 
follicular unit, especially in transcriptome analysis as these methods require isolation 
of pure cell populations (23). Therefore, laser capture micro dissection (LCM) for 
separate collection of follicles and stromal cells can be applied (24). LCM combines 
visualization of the cells of interest by light microscopy and targeting of these specific 
cells with laser beam technology (23).
In order to accurately evaluate the changes in the Hippo and PI3K/Akt pathway we 
repeated the first step of the promising multistep cortex culture system developed by 
the group of E. Telfer (25). Follicle count and classification using haematoxylin/eosin 
staining and a follicle specific analysis of the Hippo and PI3K/Akt pathway using 
LCM – RT-qPCR and fluorescent immunohistochemistry were performed. To be able 
to implement our findings in further research or future clinical setting, ovarian tissue 
from 2 target patient populations were used: post pubertal oncological patients and 
post pubertal transgender men. 

4.3 Material and methods

4.3.1 Patient inclusion and workflow

Ethical approval was obtained from the Ghent University hospital institutional re-
view board under reference 2012/780, with Belgian registration number B670201 21 
5468. This study was performed in accordance with good clinical practice guidelines 
and written informed consent was obtained from all patients. In total, 144 ovarian 
cortex pieces of in total 6 patients were used in this study. From these 6 patients, 
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ovarian tissue was obtained of 3 deceased oncological patients (28.67 + 4.51 years), 
who consented to donate their cryopreserved ovarian tissue to research post-
mortem. These patients underwent unilateral oophorectomy for fertility 
preservation purposes prior to chemotherapy. Oncological indications for fertility 
preservation comprised acute lymphoblastic lymphoma, breast cancer and acute 
myeloid leukaemia. None of the patients received chemo- and/or radiotherapy be-
fore the oophorectomy. In parallel, 3 post pubertal age-matched transgender men 
(23.33 + 1.53 years) consented to donate their ovarian tissue upon bilateral oopho-
rectomy for gender confirming surgery. All transgender men included in this study 
received intramuscular testosterone undecanoate 1000mg every 12 weeks during 
55.33 + 1.15 weeks as cross-sex hormone treatment prior to the oophorectomy. 
Per patient, 24 cortical strips were cultured for 6 days and 6 pieces per patient were 
collected for downstream analysis every second day (Figure 4.1)
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Figure 4.1 (previous page): Study design. In total, 144 cortex fragments (24 fragments per patient, N=6 
patients) were collected, prepared and cultured for 6 days. During tissue preparation, the ovarian cortex 
(a) was pulled mechanically using the blunt end of a scalpel to flatten out the tissue and subsequent-
ly halved (b) and cut into small interconnecting strips (c). These interconnecting comb-like strips were 
further transversely incised (but not fragmented) per 1mm (d). Scale bar = 5 mm. Every second day, 6 
fragments per patient were collected for downstream (HE staining, LCM-RT-qPCR or fluorescent IHC) 
analysis. HE= haematoxylin/eosin, LCM = laser capture micro dissection, RT-qPCR= Reverse transcrip-
tion-quantitative polymerase chain reaction, IHC= immunohistochemistry.

Analysis included haematoxylin/eosin (HE) staining for follicle classification, RT-
qPCR on LCM obtained follicles and fluorescent immunohistochemistry for targets  
on the Hippo and PI3K/Akt pathway (Figure 4.2). Pathway targets analysed by RT-
qPCR were mammalian sterile 20-like protein kinase I and II (Mst1 and Mst2), WW 
domain scaffolding protein Salvador (SAV1), large tumor suppressor homologues 
1 and 2 (LATS1 and LATS2) and connective tissue growth factor (CTGF). To study 
protein phosphorylation as well as potential spatial dynamics of the pathway mole-
cules in the oocyte, granulosa cells and surrounding stroma, immunohistochemistry 
for Mst1, Yes-associated protein (YAP) and phosphorylated YAP (pYAP), phosphati-
dylinositol-4,5-bisphosphate 3-kinase (PI3K), protein kinase B (PKB) also known as 
Akt and phosphorylated Akt (pAkt), Fork head box O1 (FOXO1) and phosphorylated 
FOXO1 (pFOXO1) was applied.
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Figure 4.2: Analysis techniques and targets of interest on the Hippo and PI3K/Akt pathway. Upper panels: 
LCM to collect follicle and stromal cells separately by focusing on cells of interest (a), cutting (b), catapult-
ing (c) and collecting (d) of follicles and cutting (e), catapulting (f) and collecting (g) of surrounding stromal 
cells (illustration shows transgender intermediate follicle on culture day 0). Underneath, example of IHC 
for YAP (green dye) and pYAP (red dye) in transgender secondary follicle on culture day 2, illustrating 
parallel staining of chromatin (DAPI), unphosphorylated and phosphorylated protein on same section. 
Lower panels: simplified Hippo and PI3K/Akt pathways with focus on targets of interest. *= Pathway 
targets analysed by RT-qPCR, †= Pathway targets analysed by immunohistochemistry. LCM = laser 
capture micro dissection, RT-qPCR= Reverse transcription-quantitative polymerase chain reaction, IHC= 
immunohistochemistry, Mst 1/2 = mammalian sterile 20-like protein kinase I and II, SAV1 = WW domain 
scaffolding protein Salvador, LATS1/2 =  large tumor suppressor homologues 1 and 2, CTGF = connec-
tive tissue growth factor, YAP = Yes-associated protein, PI3K = phosphatidylinositol-4,5-bisphosphate 
3-kinase, FOXO1 = Fork head box O1. Scale bar = 50 µm.
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4.3.2 Ovarian Tissue Collection and Processing

Immediately after hysterectomy with bilateral oophorectomy, the entire ovaries were 
transported to the laboratory on ice, in Leibovitz L-15* medium (Life Technologies, 
Ghent, Belgium), supplemented with 0.45% human serum albumin (Red Cross, 
Belgium). The ovaries were bisected and the medulla was carefully removed by 
scraping with a scalpel to prepare the cortical tissue to the required thickness of 1 
mm. This cortex was subsequently fragmented in pieces of 5 x 5 mm2. The frag-
ments were cryopreserved by controlled slow-freezing and stored in liquid nitrogen, 
as described elsewhere (26).

4.3.3 Tissue preparation and culture

The cortical tissue culture system was adapted from the first phase of the two-step 
culture model as described by E. Telfer (25). The frozen vial containing the cortical 
fragment was thawed in a warm water bath at 37°C for 2 min. Following 3 wash 
steps in Leibovitz L-15* medium (Life Technologies, Ghent, Belgium), supplemented 
with 0.45% human serum albumin (Red Cross, Belgium) for 5 min, the ovarian cor-
tex (5x5x1mm3) was pulled mechanically using the blunt end of a scalpel to flatten 
out the tissue and to minimize the underlying stroma. To ensure an adequate num-
ber of follicles per strip for downstream analysis, larger fragments of ovarian cortex 
were cultured compared to the protocol by E. Telfer (25). The tissue was halved 
(2.5x5x1mm3) and cut into small interconnecting strips per 1 mm (Figure 4.1). These 
interconnecting strips were further transversely incised (but not fragmented) per 1 
mm to mimic the 1 mm³ cubes as described by E. Telfer (25). The cortical comb-
like strips were transferred individually in 24-well culture plates (Corning B.V. Life 
Sciences Europe, Amsterdam, The Netherlands) containing 300 µl of McCoy’s 5a 
medium with bicarbonate supplemented with HEPES (20 mM), HSA (0.1%) (Red 
Cross, Belgium), glutamine (3 mM) (Thermo Scientific, Merelbeke, Belgium), peni-
cillin G (0.1 mg/ml)-streptomycin (0.1 mg/ml) (Thermo Scientific), transferrin (2.5 µg/
ml), selenium (4 ng/ml), insulin (10 ng/ml) and ascorbic acid (50 µg/ml), all obtained 
from Sigma-Aldrich (Bornem, Belgium), unless stated otherwise. As described by 
E. Telfer (25), tissue pieces were cultured for 6 days at 37°C in humidified air with 
5% CO2 with medium change and collection of 6 cortical strips per 1 patient every 
second day. To serve as a reference on day 0 in different downstream analyses, 6 
cortical fragments (5x5x1 mm3) per patient were taken and fixed in 10% buffered 
formalin immediately after thawing and prior to tissue preparation. On culture day 
2, 4 and 6, the pair of interconnecting strips were considered as 1 cortical fragment 
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(resulting in twice 2.5x5x1 mm3) in order to analyse a constant ovarian cortex sur-
face of 5x5x1 mm3. Every other culture day 6 pairs of interconnecting strips per 
patient were fixed in 10% buffered formalin (Sigma-Aldrich, Bornem, Belgium) for 4 
h, followed by dehydration and paraffin embedding. These paraffin embedded tissue 
cubes were stored at –20°C until further use.

4.3.4 Follicle classification

The paraffin-embedded ovarian cortical tissue piece was serially sectioned at 5 
µm, resulting in 10 slices of 5 x 5 mm2 (surface) ×5 µm (depth), and stained with 
(Mayer) haematoxylin (Merck, Overijse, Belgium) and eosin (Thermo Scientific, 
Merelbeke, Belgium). Follicles were analysed using an inverted microscope with a 
40x magnification. Follicles were classified according to the Gougeon classification for 
human follicles (27), as described and illustrated before (28). Follicles were classified 
on the section containing the nucleus to avoid double counting. Two independent 
observers analysed the follicles and the mean of the two observations was used for 
further analysis. Hence, the follicle count sometimes resulted in decimal numbers.

4.3.5 Laser capture micro dissection

The paraffin-embedded ovarian cortical tissue piece was serially sectioned at 5 µm 
using diethylpyrocarbonate (DEPC) water in the microtome bath and mounted on 
RNAse-free membrane polyethylene naphthalene (PEN) membrane glass slides 
(Zeiss, Zaventem, Belgium) and immediately processed further. Consecutively, the 
slides were deparaffinized, dehydrated, stained and rehydrated: xylene (5 min twice), 
isopropyl alcohol (1 min), disolol (1 min), 70% ethanol (1 min), rinsed in DEPC water, 
Mayer’s haematoxylin (1min), rinsed in DEPC water, eosin yellow (10 sec), 70% eth-
anol (20 dips), disolol (15 dips) and isopropyl alcohol (10 dips), all products obtained 
from ChemLab, Zedelgem, Belgium. All reagents were prepared with DEPC-treated 
water. Stained samples were immediately used for LCM.
 
Laser capture micro dissection was performed using the PALM Micro Beam 
System (P.A.L.M./Zeiss Micro laser Technologies, Munich, Germany). Follicles and 
surrounding stromal cells were separately collected per follicle type resulting in 
selection of primordial follicles, granulosa cells surrounding the primordial follicle, 
intermediate follicles, granulosa cells surrouding the intermediate follicle, primary 
follicles, granulosa cells surrounding the primary follicle, secondary follicles and 
granulosa cells surrounding the secondary follicles. This resulted in the collection of 
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8 different cell types per patient per culture day. Following visualization, selection and 
micro dissection of the targeted cells, the micro dissected tissue piece is catapulted 
against gravity and collected in a collection device. This guarantees contamination–free 
isolation of pure cell populations (29). Cells were catapulted using the laser pressure 
catapulting (LPC) function and collected in the cap of a 200 µL tube containing 40 
µL of RNeasy RLT Lysis Buffer (Qiagen, Antwerp, Belgium) with 1% of β-mercapto-
ethanol (Life technologies, Ghent, Belgium). 

4.3.6 RNA extraction and cDNA synthesis

Follicles and surrounding stromal cells were separately collected per follicle type. 
Surrounding stromal cells in this setting were defined as the equal width of the cor-
responding granulosa cell layer width. Additionally, per culture day, stromal cell at a 
distance from follicles (equals at least 1 microscope field distance from a follicle at 
20x magnification) were collected as well (Table 4.1). 

An overview of the collected material using laser capture microdissection, with 
details on number and total surface of collected follicles and stromal cells can be 
consulted in table 4.1. The cells of interest (8 batches: primordial follicles, granulosa 
cells surrounding the primordial follicle, intermediate follicles, granulosa cells sur-
rounding the intermediate follicle, primary follicles, granulosa cells surrounding the 
primary follicle, secondary follicles and granulosa cells surrounding the secondary 
follicles) were collected in vials per follicle type per patient per day, transported on 
ice and immediately processed further. To minimize handling time during RNA ex-
traction, samples were processed in batches of maximum 8 vials. All follicles and 
surrounding cells per data point were collected. Therefore, the number of cells was 
dependent on the follicle number (9.64 + 11.28, min 1, max 48) resulting in ranging 
cell surfaces per vial from 72666,91 + 89618,04 μm² (min 5530, max 349190) for 
follicles and 122103,50+ 147573,48 μm² (min 7540, max 739475) for stromal cells 
(Table 4.1). Total RNA was extracted on ice using the RNeasy FFPE kit (Qiagen, 
Antwerp, Belgium) according to the manufacturer’s protocol. Seen the fact that the 
samples were laser captured, total RNA extracted was too low to permit quality as-
sessment (30). To avoid RNA disintegration, conversion into cDNA was performed 
immediately on ice using the iScript advanced cDNA synthesis kit for RT-qPCR 
(Biorad, Temse, Belgium). CDNA concentration as determined using Qubit fluoro-
metric quantitation method (Life Technologies, Ghent, Belgium). The obtained cDNA 
was stored –80°C until use.
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Table 4.1: Overview of collected material using laser capture microdissection

 TRANSGENDER Day 0 Day 2 Day 4 Day 6
 follicle 

total
surface 
(µm²)

follicle 
total

surface 
(µm²)

follicle 
total

surface 
(µm²)

follicle 
total

surface 
(µm²)

primordial 90 644555 40 247820 16 129355 19 120195

intermediate 67 552220 82 495610 56 405845 58 328325

primary 29 246540 54 347210 49 400880 71 389350

secondary 5 216850 10 132105 17 415605 12 110885

primordial 
stromal cells

109 478500 47 140035 21 59975 5 7540

intermediate 
stromal cells

84 209400 51 156670 64 145620 28 60010

primary 
stromal cells

54 151995 74 160990 34 101210 46 115240

secondary 
stromal cells

10 108200 19 47510 49 156240 79 739475

antral 
stromal cells

8 362950 0 0 0 0 0 0

negative control 
troma

15 549700 10 424505 13 586770 12 448345

 ONCOLOGICAL Day 0 Day 2 Day 4 Day 6
 follicle 

total
surface 
(µm²)

follicle 
total

surface 
(µm²)

follicle 
total

surface 
(µm²)

follicle 
total

surface 
(µm²)

primordial 7 39820 10 69090 8 48240 12 73935

intermediate 24 152820 35 178365 39 219895 26 130815

primary 13 114795 20 121450 50 307640 33 183040

secondary 4 78885 2 31480 9 349190 3 24960

primordial 
stromal cells

13 32725 4 10290 8 21350 10 28780

intermediate 
stromal cells

58 139950 42 74155 15 32115 38 88845

primary stromal 
cells

33 73865 62 115960 20 48155 58 132720

secondary 
stromal cells

4 16970 0 0 0 0 5 8615

antral stromal 
cells

0 0 0 0 0 0 0 0

negative control 
stroma

10 318795 20 872550 21 906640 9 413745
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4.3.7 Quantitative real-time PCR and reference gene selection

To ensure quality, MIQE guidelines for RT-qPCR were pursued (30-32). Primers for 
Mst1, Mst2, SAV1, LATS1, LATS2 and CTGF were designed using Primer Blast soft-
ware (http://www.ncbi.nlm.nih.gov/tools/primer-blast) (33), checked with Netprimer 
software (http://www.premierbiosoft.com/netprimer/index.html) and subsequent-
ly commercially obtained (Invitrogen, Thermo Fisher Scientific, Belgium). Primers 
were tested for their optimal annealing temperature and the obtained PCR pro-
duct was validated in silico (Table 4.2). Reference gene selection was performed 
using the GeNorm Reference Gene Selection Kit for follicles and stromal cells 
separately (Primer design, Rownhams Southampton, United Kingdom) using qBase+ 
(BioGazelle, Ghent, Belgium). For normalization of the target gene expression in 
follicles the geometric mean of 3 reference genes (GAPDH, RPL3A and 18s rRNA) 
were used. For normalization of the target gene expression in stromal cells RPL13A, 
EIF4A2 and B2M were used as reference genes. 
RT-qPCR was performed in technical duplicates on a CFX96 Touch™ Real-Time 
PCR Detection System (Biorad, Temse, Belgium) using iTaq Universal Sybr Green 
Supermix (Biorad, Temse, Belgium). Each quantitative PCR (qPCR) reaction 
included 15 μl master mix and 5 ng cDNA and was performed at optimal annealing 
temperature in hard-shell low-profile thin-wall 96-well skirted PCR plates, sealed 
with adhesive film. No template (water) was used as negative control. Thermo 
cycling conditions were as followed: 3 min at 95°C followed by 40 cycles of 10 sec at 
95°C followed by 1 min at optimal annealing temperature (Table 4.2).

Table 4.2: Target gene primer details. Primer name, sequence and optimal 
melting temperature (Tm optimal)
Target Primer sequence Tm optimal (°C)

Mst1 Forward: AGCACCGATTTACGCCAGAA
Reverse: CCGTACCTTTGGTCTCACCC

54 °C

Mst2 Forward: TCCCTCTTTCCGCAAACCTC
Reverse: GATTTGGAGGGGGTCCGAAG

 63,3 °C

SAV1 Forward: GCGGGGAAAGTTTACGGGAT
Reverse: CAGTCGCTGGTCAGTTCCTT

66,5 °C

LATS1 Forward: CGACGCTCACGAACGATCAG
Reverse: ATGTAGCCCACACGAAGGAC

 54 °C

LATS2 Forward: CAATGTAGCGAATGTCCCACTT
Reverse: TGAAGATTATCACTCTCTCCAGGG

57 °C

CTGF Forward: AAACTGGAACGGTGAAGGTG
Reverse: CTCAAGTTGGGGGACAAAAA

 59,9 °C
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4.3.8 Immunohistochemistry

Ten paraffin-embedded, sectioned ovarian tissue slices were mounted on glass 
slides (1 slide per target protein pair (= protein + phosphorylated protein)), deparaf-
finized and hydrated. Sections were permeabilized and antigens retrieved in 0.05% 
Tween 20 (Sigma-Aldrich, Bornem, Belgium) in sodium citrate buffer at 95-100°C 
for 20 min. After beaker temperature decreased below 35°C, slides were washed in 
PBS for 2 x 3 min. Primary antibodies, monoclonal rabbit anti-human Mst1 (clone 
EPR6207, Abcam, Cambridge, United Kingdom), monoclonal mouse anti-human 
YAP (clone number not available, Abcam, Cambridge, United Kingdom), mono-
clonal rabbit anti-human pYAP (clone EP1675Y, Abcam, Cambridge, United King-
dom), monoclonal rabbit anti-human PI3K p110α (clone C73F8, Bioke, Leiden, The 
Netherlands), monoclonal mouse anti-human Akt (clone 9Q7, Thermo 
Scientific, Merelbeke, Belgium), monoclonal rabbit anti-human pAkt (clone 14-6,
Thermo Scientific, Merelbeke, Belgium), monoclonal mouse anti-human FOXO1 
(clone 7H3, Thermo Scientific, Merelbeke, Belgium), polyclonal rabbit anti-human 
pFOXO1 (Thermo Scientific, Merelbeke, Belgium) were diluted in PBS with 1% 
BSA (1:100) and slides were incubated at 4°C overnight. Next day, the slides were 
washed with 1x PBS two times for 5 min. Secondary antibodies, polyclonal goat 
anti-mouse IgG Alexa fluor 488 (Abcam, Cambridge, United Kingdom) and poly-
clonal goat anti-rabbit IgG Alexa fluor 594 (Abcam, Cambridge, United Kingdom) 
were diluted in PBS + 1% BSA (1:200) and slides were incubated for 1h at room 
temperature. Finally, slides were washed 3 times in 1x PBS for 3 min and mount-
ed in Vectashield with 4’,6-diamidino-2-phenylindole (DAPI) (Lab consult SPRL, 
Brussels, Belgium). Staining without primary antibody was used as negative control 
for all targets analysed. As a positive control, human ovarian granulosa tumor cell 
line COV434 (Sigma-Aldrich, Bornem, Belgium) (positive for Mst1, YAP, pYAP, PI3K, 
FOXO1 and pFOXO1) and tissue sections of mouse liver (positive for YAP, Akt and 
pAkt) were used. Follicles were analysed using a digital, inverted microscope for 
fluorescence applications with light cubes for DAPI, GFP and Texas red (EVOS™ 
FL Color Imaging System, Thermo Scientific, Merelbeke, Belgium). Per patient, per 
culture day, all follicles in 10 stained ovarian tissue slices were classified and per 
follicle stage target protein presence and localization were described in oocyte, 
granulosa cells and surrounding stromal cells. Conclusions were drawn on general 
protein patterns per follicle per culture day, resulting in descriptive non quantitative 
results. 
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4.3.9 Statistical analysis

Statistical analysis was conducted with IBM SPSS Statistics 23 (IBM Corp., New 
York, USA). The inter-observer variation in HE follicle classification was verified 
according to Bland–Altman’s limits of agreement. If the difference between the two 
observations exceeded a single standard deviation, the section was counted again. 
For the follicle counts, outcome variables were all count data. The fits for a Poisson 
regression and a negative binomial regression were compared. Based on AIC, it was 
decided to perform a negative binomial regression. Follicle counts were analysed 
using a negative binomial regression. For the outcomes follicles classification, a 
negative binomial regression was performed with culture day, patient group (onco-
logical/transgender) and their interaction as fixed factors, and individual patients as 
random factor (model 1). A negative binomial regression with the culture day as fixed 
factor and individual patients as random factor was applied on the whole dataset (if 
the interaction patient group * culture day was not significant), on the subset with 
oncological patients, and on the subset with transgender men (model 2). At each 
day, counts for oncological patients were compared to counts for transgender men 
using a model containing group as fixed factor and individual patients as random 
factor.
For the RT-qPCR experiments, Cq values were normalized to the 3 identified refer-
ence genes and analysed using the ANOVA and paired t-test on Fold change gene 
expression using the inbuilt statistical software in qBase+ (Primer design, Rownhams 
Southampton, United Kingdom). Gene expression was studied comparing different 
culture days, different follicle classifications, overall and per patient type (trans-
gender and oncological patients). P<0.05 was considered to be statistically 
significant.

4.4 Results

4.4.1 In vitro fragmentation of ovarian tissue activates primor-
dial follicles

4.4.1.1 Follicles originating from transgender ovarian tissue

In the ovarian cortex originating form transgender men, a total of 2099 follicles with 
a mean of 699.67 + 242.06 follicles per patient and 524.75 + 166.04 follicles per 
culture day were counted. On day 0, the follicle distribution on a total of 584 follicles 
was: 283 (48.46%) primordial, 188.5 (32.28%) intermediate, 106 (18.15%) primary, 
4 (0.68%) secondary and 2.5 (0.43%) antral follicles (Figure 4.3). During culture, 
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the counts for primordial follicles on day 4 were estimated to be 64% lower when 
compared to day 0 (95%CI -83% to -23%; p=0.008) (Figure 4.3). Estimated counts 
for intermediate and primary follicles did not change significantly during culture 
(Figure 4.3d and 4.3). In contrast, the estimated counts for secondary follicles were 
significantly higher on day 4 (compared to day 0, an estimated increase of 367%; 
95%CI +26% to +1630%; p=0.021), however this finding has to be interpreted with 
caution due to a limited absolute number of secondary follicles (Figure 4.3). 

4.4.1.2 Follicles originating from oncological ovarian tissue

In the ovarian cortex originating from oncological patients, a total of 481.5 folli-
cles with a mean of 160.50 + 92.00 follicles per patient and 120.38 + 56.47 folli-
cles per culture day were counted. The follicle classification on day 0 showed 112 
(58.64%) primordial, 58 (30.37%) intermediate, 19.5 (10.21%) primary, 1 (0.52%) 
secondary and 0.5 (0.26%) antral follicles (Figure 4.3). On day 0, primary follicle counts 
were estimated to be 80% lower (95%CI -94% to -26%; p=0.016) in the oncological 
group compared to the transgender follicle counts on day 0 whereas no significant 
difference in primordial, intermediate or secondary follicle counts was observed. 
Within the oncological tissue experiment, the counts for primordial follicles were 
estimated to be significantly lower from culture day 2 onwards (-78%, 95%CI -94% 
to -21%; p=0.021 on day 2) when compared to day 0 (Figure 4.3). Intermediate 
follicle counts did not change during culture (Figure 4.3). Primary follicle counts were 
estimated to increase significantly on day 6 (compared to day 0) with 170% higher 
counts (95%CI +14% to +589%; p=0.025) (Figure 4.3)
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Figure 4.3: Follicle distribution per culture day. Follicle distribution as a percentage of the total amount of 
follicles per culture day in transgender men (3a) and oncological patients (3b). Estimated follicle counts in 
primordial (3c), intermediate (3d), primary (3e) and secondary (3f) follicles in transgender men (red) and 
oncological patients (green). Significant lower estimated primordial follicle count on day 2, 4 and 6 in the 
oncological group (-78%; 95%CI -94% to -21%; p=0.02 on day 2) and on day 4 and 6 in the transgender 
cohort (-64%; 95%CI -83% to -23%; p=0.008 on day 4). Primary follicle counts were estimated to in-
crease significantly in oncological patients on day 6 (estimated increase of 170%; 5%CI +14% to +589%; 
p=0.025). Significant higher estimated counts of secondary follicles were observed in transgender men on 
day 4 (+367%; 95%CI +26% to +1630%; p=0.021). All follicle counts are compared to the counts on day 
0. * = statistically significant in comparison to day 0 (p< 0.05).
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4.4.2 In vitro fragmentation and culture influences the Hippo 
pathway

Based on the assumption that tissue fragmentation promotes follicle activation 
and development through the Hippo pathway, different Hippo pathway proteins 
were studied. RNA and protein expression is discussed in oocyte, granulosa cells 
and stromal cells with emphasis on the expression dynamics during culture and 
follicle development, including attention for expression differences between cortex 
of transgender and oncological patients (Figure 4.2). Analysis of the pathway in 
secondary follicles was limited due to the low number of secondary follicles. Results are 
reported per target under analysis and not by experiment.

Mammalian sterile 20-like protein kinase 1 and 2 (Mst1 and Mst2) form a com-
plex with Salvador1 to phosphorylate (and thus activate) LATS1/2 (34). RT-qPCR 
analysis of follicles derived from transgender ovarian cortex revealed a significantly 
down regulated expression when comparing Mst1 expression over different culture 
days (p=0.009; r2 0.977) with significant subgroup ratios between culture day 0 and 
day 6 (ratio day 0/6 = 30.797; 95%CI 11.649– 81.242; p<0.05) and between culture 
day 2 and day 6 (ratio day 2/6 = 11.738; 95%CI 2.623 – 52.538; p<0.05). Mst2 
appeared to be significantly down regulated when comparing culture day 0 and day 
6 (ratio day 0/6 = 12.019; 95%CI 1.167 – 123.798, p<0.05) (Figure 4.4). Sub analysis 
of the oncological data did not reveal any differences (data not shown).
Immunohistochemical study of Mst1 showed no difference in localization when 
comparing tissue derived from transgender and oncological patients. Regardless 
of the follicle stage or culture day, Mst1 was always observed in the oocyte. The 
localization within the oocyte was however dynamic during follicle development. 
Mst1 was present in the entire oocyte cytoplasm of the primordial, intermediate and 
primary follicle, followed by clustering around the nucleus in the secondary follicle 
and resulting in a nuclear localization in the antral oocytes (Figure 4.4). Mst1 could 
also be stained in granulosa cells in follicles of the later stages independent of the 
culture days. Mst1 was also present in the stromal cells, where no specific clustering 
around the follicle was seen, nor was there a change in expression of MST1/2 or 
a change in localization of the MST1 staining pattern during culture or in different 
stages of follicle development. 
Salvador 1 (Sav1), the regulatory protein of Mst1/2, showed a stable expression in 
follicles and stromal cells over different follicle types and different culture days in 
tissue derived from both transgender and oncological patients (data not shown).
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Figure 4.4 (previous page): Mst analysis. Upper panels: Mst1 expression over different culture with 
significant subgroup ratios between culture day 0 and day and between culture day 2 and day 6 in 
transgender follicles (left panel). Mst2 expression over different culture in transgender follicles with 
significant down regulated subgroup ratios between culture day 0 and day (right panel). * = statistically significant. 
Lower panels: Representative images of Mst1 expression (red dye) in primordial, intermediate, 
primary, secondary and antral follicle; underneath the same follicles stained with DAPI as a 
reference (in this example pictures: all transgender follicles on culture day 6). Mst1 is present in the entire 
oocyte cytoplasm of the primordial and intermediate follicle, followed by clustering around the nucleus in
the secondary follicle and resulting in a nuclear localization in the antral oocytes. Scale bar = 50 µm.

Large tumor suppressor homologues 1 and 2 (LATS1 and LATS2), phosphorylated 
and activated by Mst1/2, on its turn phosphorylates and inhibits co-activators YAP 
and TAZ(34). As for Sav1, RT-qPCR analysis did not reveal altered gene expres-
sion of LATS1 and LATS2 during culture nor in the different follicle classes. Also in 
stromal cells, no difference in gene expression could be detected (data not shown). 

The core of the Hippo pathway is the phosphorylation and subsequent localization 
of yes-associated protein (YAP). YAP accumulates in the nucleus and activates 
the transcription of several growth-promoting genes (35). Phosphorylation of YAP 
(pYAP) by Lats1/2 results in cytoplasmic translocation and, therefore, inactivation of 
YAP (36). The localization and phosphorylation of YAP are often taken as a measure 
of the activity of the Hippo pathway, therefore, YAP and pYAP were studied using 
immunohistochemistry (18).
Overall, phosphorylated YAP (pYAP), the inactive form of YAP, was predominantly 
expressed in the granulosa cells of the follicles whereas YAP was predominantly 
– but not exclusively – located in the oocyte. On day 0, follicles of all maturation 
stages were dominated by a pYAP expression and the presence of YAP in the oo-
cyte gradually diminished in the more mature follicles compared to primordial fol-
licles. Induced by ovarian tissue fragmentation, pYAP presence diminished while YAP 
expression was induced in the oocyte and granulosa cells of maturing follicle 
stages and in later culture days (Figure 4.5). Intriguingly, comparing transgender and 
oncological patient populations, YAP expression was slightly different. On day 0, YAP 
was not expressed in granulosa cells derived from oncological patients, in contrast 
to the transgender men cohort where YAP could be found in the granulosa cells of 
primary and secondary follicles on day 0. During culture, YAP appeared in transgender 
granulosa cells in all follicle development stages compared to YAP absence in onco-
logical granulosa cells (Figure 4.5). In the surrounding stromal cells, YAP expression 
appeared discretely on day 4 in contrast to the YAP absence on the other culture 
days. In the stromal cells of both oncological and transgender, pYAP was diffusely 
expressed on day 0 and disappeared gradually until absence on day 6.
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Figure 4.5 (previous page): YAP/pYAP presence in follicles. Representative images of YAP and pYAP 
expression in primordial, intermediate, primary, secondary and antral follicle. From left to right increasing 
follicle stages and from top to bottom increasing culture days. The left 4 columns illustrate the stainings 
of interest (green dye = YAP and red dye = pYAP). The right 4 columns are the same follicles stained with 
DAPI as a reference. The top 4 rows are follicles derived from transgender ovaries, the bottom 4 rows 
from oncological patients. Gray squares = follicles missing for analysis. Scale bar = 25µm. Induced by 
ovarian tissue fragmentation, the gradual disappearance of YAP in the oocyte as on day 0 could not be 
observed in the maturing follicle stages on culture days 2, 4 and 6. In granulosa cells, YAP appears in 
increasing follicle stages and in increasing culture days. During culture, YAP appeared earlier in transgen-
der granulosa cells in all follicle development stages compared to oncological granulosa cells. Phosphor-
ylated YAP (pYAP) was observed in granulosa cells of follicles of every stage, independent of the culture 
days, except for the disappearance of pYAP in primordial granulosa cells on day 2 in both patient groups 
and the absence on culture day 6 in almost all granulosa cells of oncological patients, independent of the 
maturation stage. 

CCN growth factors such as connective tissue growing factor (CTGF) are up 
regulated as increased nuclear YAP interacts with TEAD (Transcription factors 
containing the TEA/ATTS DNA binding domain) (16). This increased expression 
ultimately results in cell growth and proliferation. CTGF mRNA in primordial follicles 
appeared to be signifi cantly up regulated when comparing day 2 and 4 (ratio day 
2/4 = 0.082; 95%CI 0.007– 0.921; p<0.05), but not in other day to day comparisons 
(Figure 4.6). 

Figure 4.6: CTGF expression in primordial follicles: RT-qPCR results: CTGF in primordial follicles ap-
peared to be signifi cantly up regulated when comparing day 2 and 4 (ratio day 2/4 = 0.082; 95%CI 0.007– 
0.921; p<0.05). * = statistically signifi cant. P < 0.05 was considered to be statistically signifi cant. Primo = 
primordial; d2 – d4 – d6 = respectively day 0, 4 and 6; T = Transgender; O = Onco
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4.4.3 In vitro tissue fragmentation does not influence PI3K/
Akt pathway

Phosphatidylinositol-3-kinase (PI3K) is stimulated by activated receptor tyrosine 
kinases (RTK), following the interaction of diverse extracellular factors with their 
respective RTK (16). From culture day 0 until day 4, PI3K was seen in the cyto-
plasm of primordial, intermediate and primary oocytes and in all granulosa cells, 
without change over the culture days. On day 6, PI3K expression disappeared. PI3K 
was present in the stromal cells, where no clustering around the follicle could be 
observed. As in the granulosa cells, PI3K expression disappeared in stromal cells on 
culture day 6 (Figure 4.7, upper panel). 

Akt phosphorylation and thus activation occurs after PI3K induced conversion of 
phosphatidylinositol-(4,5)-bisphosphate (PIP2) into phosphatidylinositol-(3,4,5)-
trisphosphate (PIP3) and recruitment and activation of phosphatidylinositol depen-
dent kinases (16). Akt was localized as a spot in the oocytes cytoplasm of primordial, 
intermediate and primary follicles from day 0 until day 6. Secondary follicles were too 
limited in number to evaluate Akt presence. Akt could not be observed in the granulosa 
cells in any of the follicle stages, nor in the stromal cells. There was no difference in these 
findings between oncological and transgender patients (Figure 4.7, middle panel).
The active counterpart, phosphorylated Akt (pAkt), was diffusely located in the entire 
oocyte cytoplasm on day 0 in primordial, intermediate and primary follicles. This diffuse 
localization reorganized into a cytoplasmic spot on later culture days, independent of 
the follicle stage. Again, secondary follicles could not be evaluated due to the limited 
numbers. In granulosa and stromal cells, pAkt expression was limited in oncological 
ovarian tissue on day 0 and completely absent in all other conditions (Figure 4.7, 
middle panel).

Forkhead box protein O1 (FOXO1) is suppressed by nuclear translocation of Akt 
and subsequent phosphorylation of transcription factor FOXO1 resulting in nuclear 
extrusion (16). In the activated form FOXO1 interacts with dormancy factors, 
inhibiting follicles from activation and growth. 
FOXO1 was predominantly expressed in the oocyte compared to the granulosa cells 
and could not be observed in the stromal cells. FOXO1 was seen as a hotspot in the 
oocyte in primordial, intermediate and primary follicles, from day 0 until day 4 (Figure 
4.7, lower panel). On day 6, FOXO1 could not be detected by IHC in the primordial 
oocyte. In the intermediate and primary oocytes, FOXO1 could still be seen after 6 
days of tissue culture. Again, secondary follicles could not be evaluated.
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The inactive phosphorylated 1 (pFOXO1) was observed in both oocyte and granu-
losa cells. In the oocyte, pFOXO1 was observed in all oocytes on every culture day, 
except in primordial follicles on day 6. In granulosa cells, pFOXO1 could not be iden-
tified by IHC in primordial granulosa cells on culture day 6 and in from oncological 
patients derived primordial granulosa cells on every culture day and in intermediate 
granulosa cells on day 0 and 2 compared to the pFOXO presence in all other con-
ditions (Figure 4.7, lower panel). Phosphorylated FOXO1 was not or very limited 
expressed in stromal cells (data not shown).
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Figure 4.7: IHC PI3K Akt pathway. Upper panel: PI3K was seen in the cytoplasm of primordial, interme-
diate and primary oocytes and in all granulosa cells. (red dye, oncological primary follicle culture day 4). 
Middle panel: Akt (green dye) and pAkt (red dye) (oncological intermediate follicles on culture day 0 and 
2). Akt was localized as a hotspot in the oocytes cytoplasm of primordial, intermediate and primary folli-
cles from day 0 until day 6. The active counterpart, phosphorylated Akt (pAkt), was diffusely located in the 
entire oocyte cytoplasm on day 0 in primordial, intermediate and primary follicles. This diffuse localization 
reorganized into a cytoplasmic hotspot on later culture days, independent of the follicle stage. Lower 
panel: FOXO1 (green dye) and pFOXO1 (red dye) (intermediate follicles culture day 2 from oncological 
patients and transgender men). FOXO1 was seen as a hotspot in the oocyte in primordial, intermediate 
and primary follicles, from day 0 until day 4. The inactive phosphorylated 1 (pFOXO1) was observed in 
both oocyte and granulosa cells. In granulosa cells, pFOXO1 could not be found in from oncological pa-
tients derived primordial granulosa cells on every culture day and in intermediate granulosa cells on day 0 
and 2 compared to pFOXO presence in all other conditions. The right panel of the picture pairs represent 
the same follicles stained with DAPI as a reference Scale bar = 25µM.
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4.5 Discussion

This work maps a detailed progression in follicle development and the 
changes in the Hippo and PI3K/Akt pathway during a 6 days in vitro ovarian tissue 
culture in order to optimize the use of primordial follicles in vitro. For this purpose, 
ovarian tissue from transgender and oncological patient populations was used. 
Previous work in in vitro tissue culture optimization was performed using 
tissue was obtained during Caesarean section (25) or from patients diagnosed with 
premature ovarian insufficiency (POI) (19). Perturbation of the growing follicle pool 
might be expected due to high levels of human chorionic gonadotropin (hCG) and 
estradiol at the moment of caesarean section, however effects on the dormant 
follicle pool during pregnancy remain undescribed so far. Harvesting ovarian 
tissue after a prolonged exposure to follicle stimulation hormone (FSH) and 
luteinizing hormone (LH) in POI patients, might affect the residing follicle pool as pre-
antral follicles growth are proven to be FSH responsive (16). In our current setting, 
one may question the effect of testosterone on folliculogenesis and on the studied 
pathways, as ovarian tissue was obtained from transgender persons after a period 
of exogenous testosterone exposure. On the other side, oncological disease might 
influence follicle growth and development as well. Hence, a strength of this work 
is the use of ovarian tissue of the target population groups. An optimized ovarian 
tissue culture model for both target populations, including an individualized approach 
in both groups depending on the defined needs, is therefore clinically relevant.
First, follicle classification and progression was studied by HE-based follicle count-
ing and grading. Sections on day 0 enabled us to assess the follicular cohort at 
baseline level (so before tissue preparation and in vitro culture effects) and was 
concordant with previous reports (11, 28, 37). The disparity between follicle numbers 
can be explained by the innate heterogeneity of follicle distribution in the ovary. The 
cortical follicle count was then used in analysing the shift of follicles during in vitro 
culture. A significant drop in primordial follicles was seen in the oncological cohort on 
day 2 and in transgender cohort on day 4. Intermediate follicle counts showed a non-
significant trend to increase during culture and this follicle recruitment and growth 
resulted in a significant raise in primary follicles on day 6 in oncological patients and 
although limited in absolute numbers, a significant increase in secondary follicles on 
day 4 in the transgender cohort. These results confirm primordial follicle activation 
by mechanical manipulation of the cortical strips (11, 25). Subsequent antral follicle 
development could not be observed in the current in vitro culture setup. 
Subsequently, the effect of ovarian tissue fragmentation and culture on the Hippo 
and PI3K/Akt pathway was investigated, confirming the primordial follicle activation. 
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Ovarian tissue preparation and culture induced the inhibitory pYAP to disappear in 
granulosa cells of primordial follicles on day 2. The stimulatory YAP on the contrary 
appeared in primordial granulosa cells over increasing culture days. Looking at the 
YAP target CTGF, a significantly up regulated CTGF was noted in primordial follicles 
when comparing day 2 and day 4, clearly showing an effect on the Hippo pathway 
in primordial follicles during tissue culture. During culture, YAP expression in the 
oocyte did not decrease over increasing follicle stages as on day 0, illustrating that 
Hippo pathway disruption also influences later follicle stages. This is in line with 
previous work by Kawamura et al. (8, 19), where cortex fragmentation 
was applied as a technique for in vitro activation of ovarian follicle growth.
A remarkable difference is the limited YAP expression in oncological granulosa cells 
over all culture days and follicle types, when compared to transgender. This might 
indicate a possible effect of either the oncological disease on the one 
side or an influence of testosterone priming prior to surgery. Previously 
published (28), we could not reveal a quantitative difference in follicle counts and 
distributions, however testosterone might influence the surrounding matrix as well. 
Androgen receptor expression is described in stromal cells (38-40) and 
testosterone administration is known to cause a thicker ovarian cortex with 
ovarian stromal hyperplasia (41). Matrix stiffening is furthermore known to 
enhance YAP activation in cancer associated fibroblasts (42). Hence, these 
testosterone induced changes could result in a stiffer cortical “niche”, favouring Hippo 
pathway signalling where disruption might cause a more pronounced effect (16, 43). 
Next to the Hippo pathway, the involvement of the PI3K-Akt pathway in 
primordial follicle activation was studied. Staining on pathway targets, showed a stable 
expression pattern of PI3K, Akt and FOXO1/pFOXO1 from culture day 0 to day 
4 in primordial, intermediate and primary follicles. This could indicate a rather 
limited role for the PI3K-Akt pathway in follicle development during tissue 
culture. Another hypothesis is the possible later involvement of the PI3K-Akt 
pathway in follicle development during tissue culture (44). This descriptive 
analysis is a valuable start for research. However, interfering with this signalling 
pathway using pathway stimulators and/or inhibitors, with bpv (hopic) as a PTEN 
inhibitor and 740YP as an PI3K stimulator, would enrich our knowledge on the 
specific role of the PI3K-Akt pathway in primordial follicle activation in tissue culture (8). 
The most important changes in primordial follicle activation and Hippo signalling 
appeared to happen from day 0 to day 4 in vitro. These findings lead to recommend 
a shorter phase 1 tissue culture, preferably tissue source specific, being 2 days 
for oncological and 4 days for transgender cortex. An earlier change to preantral 
follicle medium conditions can be of interest to increase tissue culture efficacy. 
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Further research is needed to evaluate if follicles at this point are competent to be 
removed from the tissue and to continue growth and maturation after isolation.
In this setting, Mst1 has a striking spatiotemporal evolution in the maturing oocyte, 
reflected by a cytoplasmic localization in the primordial, intermediate and primary 
follicle, gradually reorganizing through clustering around the secondary oocyte 
nucleus (regardless of the culture duration) towards a nuclear localization in the antral 
follicle. Mst1/2 proteins are involved in stress-induced apoptosis, and if activated in the 
apoptosis pathway Mst1/2 translocates to the nucleus (45). This most probably 
indicates inadequate support of the more mature follicle stages. Because of the 
scarcity of this valuable material at the different time points, apoptosis was not 
further investigated. 
In the stromal cells, Hippo pathway targets were either absent (Mst) or diffusely 
present (YAP-pYAP). Apart from a diminished YAP-pYAP expression on culture day 
6, other changes in expression (IHC) or differential expression (RT-qPCR) over the 
different culture days could not be described. We can hypothesize that, although 
there are clearly changes by stretching and cutting the ovarian cortex, these chang-
es probably don’t affect the studied pathways in the stromal cells. Changes in the 
extracellular matrix and cell adhesion seem to be detected by the follicular unit itself.
The massive activation of primordial follicles based on Hippo interruption may also 
have reflection on tissue cryopreservation for transplantation. If transplantation is 
the intended technique upon thawing, the primordial follicle pool might benefit from 
larger strips (and thus less Hippo pathway disruption) where less recruitment (and 
thus burnout) could be a huge benefit. However, cryopreserving larger cortical strips 
is challenged by an adequate and equal diffusion of cryo protectants through the 
tissue without harming the tissue by prolonged exposure to the cryo protectant (46). 
Another option would be pre-treatment of smaller cortex to limit Hippo pathway 
disruption effects, for example using Diaphanous (DIAPH) formins that suppress 
actin depolymerization (16). 
A limitation of this work is the small sample size, inherent to this study subject. 
Cryopreserved tissue for fertility preservation is only limited available for research, 
especially if a large amount of tissue is needed to reduce inter patient variation 
in different downstream analysis techniques. A particular and specific weakness of 
this study is the inability to include an age-matched control group. In the described 
age group, oophorectomy and cryopreservation of ovarian tissue in healthy fertile 
women rarely occurs, making a comparative tissue culture and downstream 
pathway analysis not feasible. The findings in this work remain however valuable as 
previously suggested pathways are now extensively documented in the target groups 
of this tissue culture technique.
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In conclusion, this work describes the detailed evolution of follicle development 
and a follicle specific Hippo pathway involvement during a 6 days in vitro tissue 
culture. Results highlight a Hippo pathway driven primordial follicle activation in a 
culture system where the culture efficiency could be increased by an earlier change 
to optimal preantral follicle conditions. Moreover, tissue preparation for culturing 
might benefit from adaptations for different target patients, in this study illustrated 
by a different follicle activation in the cortex derived from transgender men versus 
oncological patients following Hippo pathway disruption.
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5.1 Abstract

Purpose: The importance of the surrounding ovarian stromal cells and extracellular 
matrix in the development and maturation of follicles has recently gained attention. 
An aberrant extracellular matrix has been described in ovaries of patients with poly-
cystic ovary syndrome where a more rigid structural environment, possibly induced 
by endogenous testosterone, impairs normal folliculogenesis. In this context, we 
describe the textural parameters of the ovarian cortex of transgender men after 
prolonged testosterone administration compared to the textural parameters of the 
non-exposed ovarian cortex originating from female oncological patients.
Methods: Texture profile analysis (TPA) was performed on ovarian cortex (5 x 5 mm2) 
of oncological and transgender patients in order to measure stiffness, hardness, 
cohesiveness, and springiness of the ovarian cortex (LRXplus universal testing sys-
tem). Statistical analysis was performed using repeated measurements mixed mod-
els and the Spearman rank order correlation test (IBM SPSS Statistics 23).
Results: A total of 36 frozen-thawed cortical strips (5 x 5mm2) were subjected to 
TPA. The superficial part of cortex fragments originating from transgender persons 
(fragments < 1.4 mm; N = 10) appeared to be significantly stiffer compared to cortex 
derived from oncology patients (fragments < 1.4mm; N = 7) (6.78 ± 1.38N/mm ver-
sus 5.41 ± 0.9 N/mm respectively, p = 0.036).
Conclusions: This is the first application of TPA in ovarian cortex to study the physical 
properties. Comparing the physical properties, we objectively describe an increased 
cortical stiffness in the most outer part of the ovarian cortex following prolonged 
testosterone administration in transgender men compared to the ovarian cortex of 
oncological patients. This preliminary and novel approach could be the start of future 
research to understand the physical properties of ovarian tissue.

5.2 Introduction

The importance of the surrounding ovarian stromal cells and extracellular matrix in 
the development and maturation of follicles has recently gained attention (1). The 
extracellular matrix does not only contribute to the structural support of the growing 
follicle but also to the bidirectional paracrine communication between the oocyte 
and surrounding granulosa and theca cells thereby influencing folliculogenesis (1, 
2). Also, the role of tissue pressure has been demonstrated in clinical studies in 
ovarian cortex transplantation (3). An aberrant extracellular matrix has been 
described in ovaries of patients with polycystic ovary syndrome (PCOS), 
resulting in a more rigid structural environment for the residing follicles and causing a 
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dysfunctional follicle development (4). Both theca cell hyperplasia in vivo and a more 
rigid alginate artificial ovary matrix in vitro have been correlated with an increased 
androgen production (5), illustrating a possible effect of mechano transduction (the 
conversion of mechanical stimuli into biological responses) on ovarian hormone 
synthesis. This androgen production is potentially triggering a vicious circle, as 
androgen receptor expression is described in stromal cells (6-8) and administration 
of testosterone in transgender men (female to male transgender persons) is known 
to cause a thicker cortex with ovarian stromal hyperplasia (9). Although a previous 
study of our group revealed no quantitative difference in follicle counts and distri-
butions in this patient group, testosterone could influence the surrounding matrix 
(10) and in turn have an effect on the development of the follicles when the stored 
tissue is used for further purposes. While manipulating ovarian tissue, a difference 
in rigidness was noticed in comparison to manipulation of ovarian cortex originating 
from oncological patients. To quantify and analyse this observation, a texture pro-
file analysis (TPA) was performed. Texture profile analysis is a double compression 
test, developed for determining the textural properties of foods, but also used for 
defining the possible application of other matrices such as gels, pharmaceuticals, and 
biomaterial research (11, 12). By twice compressing the target of interest, different 
textural parameters can be defined in a single experiment, such as stiffness, hardness, 
cohesiveness, and springiness (12). In this work, we describe the textural 
parameters of the ovarian cortex of transgender men compared to the textural 
parameters of the cortex originating from oncological female patients.

5.3 Materials and methods

5.3.1 Study design and ethical approval

Ethical approval was obtained from the Ghent University Hospital institutional 
review board under reference 2012/780, with Belgian registration number B670201 
21 5468. A written informed consent was obtained from all patients. In total, 36 
ovarian cortex pieces of in total 6 patients were used in this study. From these 6 
patients, ovarian tissue was obtained of 3 deceased oncology patients (25.00 ± 3.61 
years), who consented to donate their cryopreserved ovarian tissue to research post-
mortem. They underwent a unilateral oophorectomy for fertility preservation 
purposes prior to chemotherapy. Oncological indications for fertility 
preservation comprised acute lymphoblastic lymphoma, breast cancer, and acute 
myeloid leukaemia. None of them received chemo and/or radiotherapy before the 
oophorectomy. In parallel, 3 age matched transgender men (22.67 ± 2.08 years) 
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consented to donate their ovarian tissue upon bilateral oophorectomy for gender 
confirming surgery. They all received intramuscular testosterone undecanoate 1000 
mg every 12 weeks during 80.72 ± 32.24 (56.43, 68.43, and 117.29 respectively) 
weeks as cross-sex hormone treatment prior to the oophorectomy. In the oncological 
cohort, per patient, 4 cortical fragments of 5 x 5mm2 were analysed per patient. In 
the transgender group, we were able to include 8 cortical fragments of 5 x 5 mm2 
per patient.

5.3.2 Ovarian tissue collection and processing

Immediately after hysterectomy with bilateral oophorectomy, the entire ovaries were 
transported to the laboratory on ice, in Leibovitz L-15* medium (Life Technologies, 
Ghent, Belgium), supplemented with 0.45% human serum albumin (Red Cross, 
Belgium). The ovaries were bisected, and the medulla was carefully removed by 
scraping with a scalpel to prepare the cortical tissue. This cortex was subsequently 
fragmented in pieces of 5 x 5 mm2. The fragments were cryopreserved by controlled 
slow-freezing and stored in liquid nitrogen as previously described (10). Prior to 
the texture profile analysis, the vial containing the cortical fragment was thawed 
in a warm water bath at 37 °C for 2 min. Following 3 wash steps in Leibovitz L-15* 
medium (Life Technologies, Ghent, Belgium), supplemented with 0.45% human 
serum albumin (Red Cross, Belgium) for 5 min, an exact cortical surface of 5 x 5 mm2 
was obtained by cutting with a scalpel and checking all edges with a ruler. 

5.3.3 Histology

Ovarian cortex was fixed in 10% paraformaldehyde for 4h at 4 °C, embedded in par-
affin, and serially sectioned at 5 μm, perpendicular to the ovarian surface. Sections 
were stained with (Mayer) haematoxylin (Merck, Overijse, Belgium) and eosin (Ther-
mo Scientific, Merelbeke, Belgium) for histologic analysis. Sections were analysed 
using an inverted microscope with a 20x and 40x magnification.

5.3.4 Texture profile analysis or compression analysis 

Cortical strips (5 x 5 mm2) were compressed at room temperature over a distance of 
50% of the original sample thickness during 2 cycles (S1 video). A universal testing 
machine (LRXplus, Lloyd Instruments) was used for compression at a rate of 5 mm/
min. Stiffness was determined during the first cycle as the slope of the toe region 
(0.1–1 N) of the curve (Figure 5.1: slope 1). Hardness values were recorded as the 
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peak force during the fi rst and second cycle (Figure 5.1: peaks 1 and 2 respectively). 
Cohesiveness (a measure for withstanding compression) was calculated by the ratio 
of the work of the second cycle to that of the fi rst cycle (Figure 5.1: area of work 2 
divided by area of work 1). Springiness (a measure for elasticity) is the rate at which 
deformation is re-established and was determined as the division of the time of the 
detected height on the second cycle by the original compression time (Figure 5.1: 
time 2 divided by time 1). 

Figure 5.1: Texture profi le analysis parameters. Stiffness = slope of the toe region (0.1–1 N) of the curve 
(slope 1). Hardness 1 and 2 = peak force during the fi rst and second cycle respectively (peaks 1 and 2). 
Cohesiveness = the ratio of the work of the second cycle to that of the fi rst cycle (area of work 2 divided 
by area of work 1). Springiness = the division of the distance of the detected height on the second cycle 
by the original compression time (Fig. 1: time 2 divided by time 1)

5.3.5 Statistical analysis

Statistical analysis was conducted with IBM SPSS Statistics 23 (IBM Corp., New 
York, USA). Texture profi le analysis parameters were analysed using repeated 
measurements mixed models. Correlation analysis was conducted through 
inspection of scatter plots to rule out other correlations than linear by using Spearman’s 
rank-order correlation tests. P < 0.05 was considered to be statistically signifi cant.
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5.4 Results

5.4.1 Textural parameters of ovarian cortex 

In total, 36 cortex fragments were processed for TPA (S1 video), of which 2 
analyses (1 fragment of a transgender person and 1 fragment from an oncological 
patient) were excluded from the results due to technical errors (1 exclusion because 
of wrong TPA settings and 1 because of an error during compression). A typical TPA 
double compression curve of ovarian cortex is characterized by a slower upstroke 
in the toe (0.1–1 N) region, where increasing compression resulted in a steeper 
upstroke prior to the peak. Release of the maximum compression causes an 
immediate drop in the TPA curve. Typically, a bigger fi rst curve was noted, when 
compared to the second curve (peak 2 < peak 1), refl ecting an incomplete recovery 
of the tissue post compression, probably as a result from the breaking points seen in 
the fi rst upstroke (Figure 5.2). 

Figure 5.2: Representative texture profi le analysis curves of ovarian cortex derived from oncological pa-
tients and transgender men. S seconds, N Newton

5.4.2 Comparison between textural profi les of cortex originat-
ing from transgender and oncological patients

There was no difference in thickness of the cortex fragments when comparing the 2 
groups with a mean of 1.43 ± 0.46 mm in the transgender cohort compared to 1.38 
± 0.38 mm in the oncological group (p = 0.826). For this comparable thickness, no 
difference in texture stiffness could be observed (transgender stiffness 5.20 ± 1.90 
N/mm compared to oncological stiffness 5.11 ± 1.15 N/mm, p = 0.970). There was 
no signifi cant difference when the parameter hardness 1 (hardness 1 in transgender 
cohort 22.12 ± 13.44 N compared to hardness 1 in oncological group 23.66 ± 13.54 
N, p = 0.757; and hardness 2 (hardness 2 in transgender cohort 14.61 ± 10.31 N 
compared to hardness 2 in oncological group 15.30 ± 10.42 N, p = 0.856), cohesive-
ness (transgender cohesiveness 0.33 ± 0.05 compared to oncological cohesiveness 
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0.34 ± 0.08, p = 0.626) and springiness (transgender springiness 0.24 ± 0.05 N/mm 
compared to oncological stiffness 0.27 ± 0.14 N/mm, p = 0.283) were compared 
between transgender and oncological ovarian cortex. An incomplete recovery post 
compression in both transgender and oncological patients resulted in a cohesive-
ness of 0.33 ± 0.05 and 0.34 ± 0.08 respectively and a springiness of 0.24 ± 0.05 and 
0.27 ± 0.14 respectively clearly showing that the initial area under the curve (or area 
of work) is 3 times bigger than the second and that only a fourth of the initial peak 
force was needed during the second compression in both groups. In ovarian cortex 
derived from transgender men, tissue thickness correlated significantly with both 
the stiffness (Rs − 0.897, p < 0.001; shown in Figure 5.3) and hardness parameters 
(hardness 1, Rs 0.483, p = 0.020; and hardness 2, Rs 0.535, p = 0.009). Hardness 
(1 and 2) also correlated significantly with the texture cohesiveness (Rs 0.429, p = 
0.041; and Rs 0.565, p = 0.005 respectively). Also, springiness and cohesiveness 
were linearly correlated (Rs 0.470, p = 0.024). The oncological tissue thickness cor-
related significantly with hardness 1 (Rs 0.615, p = 0.044). Again, springiness and 
cohesiveness were linearly correlated (Rs 0.845, p < 0.001). Since thicker cortex 
fragments were negatively correlated with the lower degree of stiffness (overall Rs − 
0.785, p < 0.001) as shown in Figure 5.3, it could be possible that residual medulla 
on the cortex pieces influenced the measurements. Medulla tissue is softer than the 
cortex tissue and although preparation of the ovarian tissue for cryopreservation is 
performed by completely dissecting the medulla from the cortex, leaving a cortex 
thickness of 1–2 mm; it could be that residual medulla was present in the pieces as 
there is no clear exact macroscopic dissection plane between cortex and medulla. 
Cortical thickness has been reported to be between 1 and 2 mm, although detailed 
histological reports mention a cortex thickness of 1.5 mm (ranging from 1.4 to 1.6 
mm) (9). 
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Figure 5.3: Cortical thickness and stiffness correlation. The tissue thickness correlated signifi cantly with 
the stiffness (Rs − 0.785, p < 0.001)

Taking into account this potential masking effect of the residual medulla on the re-
sult of the stiffness analyses, a sub analysis on the tissue fragments < 1.4 mm was 
performed. This selection included in 10 tissue fragments of transgender men and 
7 pieces originating from oncological patients. Intriguingly, this resulted in a signifi -
cantly different stiffness between cortex fragments of transgender and oncological 
patients (transgender stiffness 6.78 ± 1.38 N/mm compared to oncological stiffness 
5.41 ± 0.9 N/mm, p = 0.036) (Figure 5.4). The other parameters, being thickness, 
hardness 1 and 2, cohesiveness, and springiness, did not differ signifi cantly between 
the 2 groups. 
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Figure 5.4 Stiffness of transgender men’s and oncological patient’s cortex fragments. Sub analysis of 
fragments < 1.4 mm (N transgender = 10 and N oncological = 7) showed a signifi cantly different stiffness 
between transgender and oncological cortex fragments (p = 0.036)

5.4.3 Microscopic analysis of ovarian stromal tightness 

Figure 5.5 shows representative pictures of the ovarian stroma in oncology patients 
and transgender men. Histologic analysis also supports the idea of residual medulla 
after cortex preparation for cryopreservation, due to the absence of a clear macro-
scopic dissection plane between cortex and medulla (Figure 5.6).

Figure 5.5: Ovarian cortex in transgender men and oncology patients: histological analysis (haematoxylin/
eosin staining). Total scale bar = 150μm
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Figure 5.6 Residual medulla in cortex fragments (haematoxylin/eosin staining, transgender patient). 
Histological analysis also confi rmed the presence of residual medulla after cortex preparation for cryo-
preservation. Scale bar = 400 μm

5.5 Discussion and conclusion

This is the fi rst application of TPA in ovarian cortex for measurement of textural 
ovarian cortical properties. Comparing the physical properties, we objectively 
describe an increased cortical stiffness in the most superfi cial part of the ovarian 
cortex following prolonged testosterone administration in transgender men com-
pared to the non-exposed ovarian cortex of oncological patients. Texture profi le 
analysis is a sensitive technique to measure textural properties, including stiffness, 
hardness, cohesiveness, and springiness (12) and is a preliminary and novel 
approach in ovarian research. Double compression of the ovarian fragments resulted 
in a fi rst TPA curve with an increasing steepness and a prompt return in the fi rst curve, 
followed by a smaller second curve. Processing the fi rst results, a potential masking 
effect of the medulla on the stiffness results in the cortex was suspected as thin-
ner fragments appeared to be signifi cantly stiffer. Histological analysis confi rmed 
the presence of residual medulla; however, we could not retrospectively measure 
the medullar thickness of the fragments used for TPA as these fragments were cut 
parallel to the cortical surface and a correct measurement of the medullar residue 
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required a perpendicular cutting plane. Based on literature cut-offs, a strict sub 
analysis on the fragments < 1.4 mm was performed, assuming that the medulla 
was completely removed in these fragments. This subgroup analysis revealed a 
significantly different stiffness between the cortexes of transgender patients in 
comparison to cortex fragments from the oncological cohort. This confirms 
altered physical properties of the ovarian cortex, most possibly due to testosterone 
administration, at least in the most outer part of the cortex. This is in line with 
previous work, describing an increased subepithelial collagenization and stromal 
hyperplasia in the ovarian cortex after testosterone administration (9). The altered 
stiffness particularly in the most superficial part of the cortex can be explained 
by the presence of androgen receptors in the ovarian surface epithelium (13). 
Exposure of this epithelium to androgens results in DNA synthesis and in some 
cases a protection from cell death, leading to cell proliferation (14). In this 
perspective, it could be of interest to repeat TPA on PCOS cortices to study the 
dimension of rigidity, hypothesizing that PCOS ovaries rigidity might 
constitute the intermediate state between ovaries in oncological patients (with normal 
levels of testosterone) and transgender men with intended supraphysiologic levels of 
testosterone as a result of the cross-sex hormone treatment. Some groups 
have even proposed to measure structural aspects of the ovarian cortex in vivo, 
previously described by Woodruff and Shea (15). This group suggested and even 
tested multi-modal magnetic resonance elastography for in vivo assessment of the 
ovarian tissue rigidity (16). A limitation of this work is the small sample size, inherent 
to this study subject. Cryopreserved tissue for fertility preservation is only scarcely 
available for research, especially if a large amount of tissue is needed to reduce 
inter patient variation as the variation in physical properties of cortex fragments is 
unknown thus far. Another weakness of this work is the inability to have an accurate 
measurement of the follicle density in the cortical fragments used for TPA, as the 
follicle number might influence the textural parameters of the ovarian cortex. 
Being processed for TPA, these fragments were no longer usable for other analyses. 
However, previous work revealed no quantitative difference in follicle counts and 
distributions comparing ovarian cortex derived from transgender men and 
oncological patients (17). Additionally and more interestingly, TPA results can 
be directly translated to research in artificial ovary engineering. Texture profile 
analysis is also applied in biomaterial industry and there is huge interest in the 
design of a suitable environment for in vitro follicle culture (2). Especially for primordial 
follicles, attempts of in vitro culture appear to be more successful in tissue context as 
well as in artificial ovarian structures, if the 3D follicle matrix structure is respected 
(18-20). Texture profile analysis parameters of the ovarian cortices described in our 
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study can directly be set as a reference for optimization of the artificial matrix rigidity. 
In this respect, we recommend an overall matrix stiffness of 5.4 N/mm per 1 mm 
as a start rigidity. The TPA technique is also applicable to study and compare the 
physical parameters of these bioengineered matrices. Not only research in 
designing artificial follicle maturation environments by using biomaterials but 
also the in vitro tissue follicle maturation research can benefit from studying TPA 
parameters in the ovarian cortex. Disrupting the follicle–matrix environment in 
vitro during tissue preparation for culture has proven to support follicle growth. 
The molecular basis of this mechano transduction (the conversion of mechanical 
stimuli into biological responses) has been linked to the Hippo pathway signalling in 
ovarian physiology (21). The Hippo pathway maintains the balance between 
negative growth regulators controlled by intact G-actin, whereas disruption of this 
pathway has shown to induce and support follicle development (21, 22). Hippo 
pathway disruption is obtained by fragmentation of ovarian cortex during tissue 
preparation for in vitro culture (4, 21, 23, 24). Since we have shown a difference 
in the cortical rigidity in the most outer part of the cortex after testosterone treat-
ment, one may consider an adapted tissue preparation technique for Hippo path-
way disruption according to the measured rigidity of the cortex fragment for culture. 
In conclusion, this is the first application of TPA in ovarian cortex for measure-
ment of textural ovarian cortical properties. Comparing the physical properties, we 
objectively describe an increased cortical stiffness in the most outer part of the ovarian 
cortex following prolonged testosterone administration in transgender men compared 
to the ovarian cortex of oncological patients. This preliminary and novel approach could 
be the start of future research to understand the physical properties of ovarian tissue.
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The findings presented in this thesis provide valuable insights in ovarian tissue 
characteristics and ovarian tissue culture in the context of cortex cryopreservation. 
This information contributes to the optimization of the current ovarian tissue culture 
models and provides insights to develop new and improve established lab protocols. 
The knowledge obtained through this fundamental research will also help clinicians 
in optimal counselling and management of fertility preservation through ovarian 
tissue cryopreservation. 

6.1 Ovarian tissue characteristics

In the first study, ovarian histology in trans men at the moment of ovarian tissue 
cryopreservation was investigated after more than a year of testosterone treatment. 
Follicle study objectified primordial follicles as the most abundant group. To put our 
results in perspective, we compared our findings to ovarian histology of age-matched 
normal fertile women in previously published studies. Based on this comparison, we 
concluded that the cortical follicle distribution apparently does not shift in ovaries 
exposed to supraphysiological doses of testosterone for about a year. We could not 
distil any correlation between these histological findings and clinical or biochemical 
markers at the moment of fertility preservation. This giving is interesting in patient 
counselling as it makes an influence of gender affirming hormone therapy on early 
folliculogenesis (from primordial follicle to secondary follicle stage) rather unlikely, 
which is in line with previous work of Van den Broecke et al. (2001) showing that 
ovarian cortical grafts originating from trans men do not show a depletion of the 
primordial follicle pool and that follicular growth can be obtained upon xeno-
transplantation in severe combined immunodeficient (SCID) mice (1, 2).
One of the major findings of this work is the high number of COC (median of 27 
per patient in our study) recovered during the preparation of ovarian tissue. This 
research indicated that, similar to the findings in an oncologic patient cohort (3), 
the current tissue preparation procedure leads to discarding potentially important 
gametes. Hence, combining fertility preservation techniques (e.g. ovarian tis-
sue cryopreservation with in vitro matured oocytes obtained during tissue prepar-
ation) might improve preservation outcomes on the long term. The published oocyte 
maturation rate of 36% in cancer patients (3) was comparable to the in vitro 
maturation rate of COC retrieved from the ovaries of transgender men (34.30%), 
and also the normal spindle structure in 87.10% of the in vitro matured MII oocytes 
was reassuring. However, further information on the effect of testosterone treatment 
on fertilization rate, embryo development, implantation rate, pregnancy rate and live 
birth rate remains to be gathered. Hence an important extra source of preservable 
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gametes has been confirmed but the possibility and safety of future use requires 
further investigation.
We could calculate an average estimated increase in the number of COC of 
about 7.5 per unit AMH (Elisa Immunotech, Beckman Coulter) in trans men. The 
estimated COC yield for other AMH assays remains to be determined. This is 
important preoperative information as it is possible to estimate an average oocyte 
yield based on AMH levels before the surgery. The high number of collected COC in 
trans men, a mean of 37.51 ± 33.58 in our study, compared with a recovery rate of 
8.1 COC in cancer patients (as reviewed by Segers et al., 2015) is promising (3). It is 
however important to state that the oocyte yield in our study population is the result of 
processing two ovaries in transgender men, in contrast to only one ovary or even 
biopsies in cancer patients. However, the high number of COC recovered in trans 
men could be caused by the androgen-induced FSH and LH down regulation 
resulting in anovulation and subsequently the accumulation of antral follicles. Hence, 
this could cause an accumulation of aged oocytes and needs to be investigated.

6.2 Ovarian tissue culture

The second work covered a detailed study of follicle development and changes 
in the Hippo and PI3K/Akt pathway during a 6 days in vitro ovarian tissue culture 
in order to optimize the use of primordial follicles in cryopreserved ovarian tissue. 
For this purpose, ovarian tissue from transgender and oncological patient popu-
lations was used to provide directly translatable results. Follicle classification and 
progression, studied by HE-based follicle counting and grading, objectified a sig-
nificant drop in primordial follicles in the oncological cohort on day 2 and in trans-
gender cohort on day 4. Intermediate follicle counts showed a non-significant trend 
to increase during culture and this follicle recruitment and growth resulted in a signi-
ficant raise in primary follicles on day 6 in oncological patients and although limited 
in absolute numbers, a significant increase in secondary follicles on day 4 in the 
transgender cohort. These results confirmed primordial follicle activation by mecha-
nical manipulation of the cortical strips (4, 5). Subsequent antral follicle development 
could not be observed in the current in vitro culture setup. 
The effect of ovarian tissue fragmentation and culture on the Hippo and PI3K/Akt 
pathway was investigated, confirming a Hippo pathway driven follicle activation. 
Ovarian tissue preparation and culture induced the inhibitory pYAP to disappear 
in granulosa cells of primordial follicles on day 2. The stimulatory YAP on the con-
trary appeared in primordial granulosa cells over increasing culture days. Looking 
at the YAP target CTGF, a significantly up regulated CTGF was noted in primordial 
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follicles when comparing day 2 and day 4, clearly showing an effect on the Hippo 
pathway in primordial follicles during tissue culture. During culture, YAP expression 
in the oocyte did not decrease over increasing follicle stages as on day 0, illus-
trating that Hippo pathway disruption also influences later follicle stages. This is in 
line with previous work by Kawamura et al., where cortex fragmentation was applied 
for as a technique for in vitro activation of ovarian follicle growth (6, 7). This creates 
possibilities for further applications such as repeated Hippo pathway activation 
during culture (Figure 6.1). 
In this culture setting, Mst1 had a striking spatiotemporal evolution in the matu-
ring oocyte, reflected by a cytoplasmic localization in the primordial, intermediate 
and primary follicle, gradually reorganizing through clustering around the secondary 
oocyte nucleus (regardless of the culture duration) towards a nuclear locali-
zation in the antral follicle. Mst1/2 proteins are involved in stress-induced apoptosis, 
and if activated in the apoptosis pathway Mst1/2 translocates to the nucleus (8). 
These results most probably indicate inadequate support of the more mature follicle 
stages. All these findings led to recommend a shorter phase 1 tissue culture, 
preferably tissue source specific, being 2 days for oncological and 4 days for trans-
gender cortex. An earlier change to preantral follicle medium conditions was thought 
to be of interest to increase tissue culture efficacy. An adapted tissue culture protocol 
is presented in figure 6.1. 

Figure 6.1: Adapted protocol of the multistep ovarian tissue culture system for primordial follicle matura-
tion (based from Telfer & McLaughlin (2012) (9))
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6.3 A renewed look at ovarian tissue characteristics…

Apart from possible effects on the follicular unit, supraphysiological testosterone 
doses can also have a potential influence on the ovarian stroma (10). Therefore, 
our results on follicle numbers and classification in the first study did not unravel 
the entire effect of testosterone on the ovary. Also, while manipulating ovarian tis-
sue for ovarian culture, a difference in rigidness and a difference in Hippo pathway 
response was noticed in comparison to manipulation of ovarian cortex originating 
from oncological patients. A limited YAP expression in oncological granulosa cells 
over all culture days and follicle types was noted when compared to transgender. A 
possible effect of either the oncological disease on the one side or an influence of 
testosterone priming prior to surgery, possibly due to androgen induced matrix 
stiffening, was hypothesized. Hence, these testosterone induced changes could 
have resulted in a stiffer cortical “niche”, favouring Hippo pathway signalling where 
disruption might have caused a more pronounced effect. 

To quantify and analyse this observation, a texture profile analysis (TPA) was 
performed. In this study, textural properties of ovarian cortex were measured using 
TPA, a preliminary and novel approach in ovarian research. Comparing the physical 
properties, we objectified an increased cortical stiffness in the most superficial part 
of the ovarian cortex following prolonged testosterone administration in transgender 
men compared to the non-exposed ovarian cortex of oncological patients. Double 
compression of the ovarian fragments resulted in a first TPA curve with an increasing 
steepness and a prompt return in the first curve, followed by a smaller second curve. 
Based on literature cut-offs, a strict sub analysis on the fragments < 1.4mm was 
performed, assuming that the medulla was completely removed in these fragments, 
thereby avoiding all potentially masking effects of the softer medulla. This subgroup 
analysis revealed a significantly different stiffness between the cortices of transgen-
der patients in comparison to cortex fragments from the oncological cohort. Hence, 
this work confirmed altered physical properties of the ovarian cortex, most possibly 
due to testosterone administration, at least in the most outer part of the cortex. This 
is in line with previous work, describing an increased subepithelial collagenization 
and stromal hyperplasia in the ovarian cortex after testosterone administration (10). 
The altered stiffness particularly in the most superficial part of the cortex can be 
explained by the presence of androgen receptors in the ovarian surface epithelium 
(11). Exposure of this epithelium to androgens results in DNA synthesis and in some 
cases a protection from cell death, leading to cell proliferation (12). 
The application of texture profile analysis of ovarian cortex, prior to tissue preparation 
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for Hippo pathway disruption, might help to obtain the desired pathway disruption in 
ovarian tissue culture. An objectified stiffer cortex might benefit from more stretching 
and cutting of the tissue, or a repetition of the tissue manipulation procedure after 2 
days of culture, as suggested in Figure 6.2. 

Figure 6.2: Adapted protocol of the multistep ovarian tissue culture system for primordial follicle mat-
uration, including texture profile analysis for adapted Hippo pathway disruption (based from Telfer & 
McLaughlin (2012) (9))

The development of texture profile analysis in ovarian tissue could be the start of 
future research to understand the physical properties of ovarian tissue. In this 
perspective, it could be of interest to repeat TPA in different patient groups, such as 
PCOS cortices to study the dimension of rigidity, hypothesizing that PCOS ovaries 
rigidity might constitute the intermediate state between ovaries in oncological 
patients (with normal levels of testosterone) and transgender men with intended 
supraphysiologic levels of testosterone as a result of the cross-sex hormone treat-
ment. 
Texture profile analysis of ovarian tissue can also be used as a technique for 
improvement of laboratory tissue preparation protocols. Ovarian tissue from younger 
patients is much softer than that of menopausal patients, for instance resulting in a 
sooner digestion with liberase DH in follicle isolation protocols. 
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6.4 Critical appraisal of this work

We were able to determine a stable cortical follicle distribution and an increas-
ing stiffness after a period of prolonged testosterone treatment. In this perspec-
tive, it could have been more informative to study ovarian histology at the start of 
testosterone treatment compared to ovarian histology at the moment of fertility 
preservation (after a period of exposure to testosterone treatment). A 
prospective cohort study with 2 surgical interventions to obtain non-exposed and 
exposed ovarian tissue from the same person would have been the correct study 
design. However, the obtained information on the hippo pathway rebuts this 
approach as cutting an ovary (in order to obtain a sample) might change follicle 
activation and growth. Obtaining an entire ovary, one at baseline and one after a period of 
testosterone treatment, would therefore be ideal. This approach would also solve the 
inability to include an age-matched control group. Oophorectomy in healthy normal 
fertile women rarely occurs, in some exceptions for a benign or malignant ovarian 
mass. It is shown that this is not an appropriate control group as follicle density in 
the cortex surrounding an ovarian malignancy is decreased (13). In case of benign 
ovarian lesions, ovarian stroma may proliferate, resulting in the same number of 
follicles but spread over a larger surface area (13). Also, preventive oophorectomy in 
patients carrying a BRCA mutation did not seem an appropriate control group as the 
mutation might be associated with reduced follicular pools (13).
A limitation of the second and third research protocol is the small sample size, 
inherent to this study subject. Cryopreserved tissue for fertility preservation is only 
scarcely available for research, especially if a large amount of tissue is needed to 
reduce inter patient variation. Although limited in sample size, we were able to study 
all desired pathway end points at all time points of interest during tissue culture in 6 
patients. Therefore, the obtained results were independent of inter patient variation, 
being a clear strength of this culture study. A particular and specific weakness of 
this study is the inability to include an age-matched control group. In the described 
age group, oophorectomy and cryopreservation of ovarian tissue in healthy fertile 
women rarely occurs, making a comparative tissue culture and downstream path-
way analysis not feasible. The findings in this work remain however valuable as 
previously suggested pathways are now extensively documented in the target groups 
of this tissue culture technique. Additional study of apoptosis would have completed 
the obtained information on the follicle development support during tissue culture. 
In the third study, a sample size calculation for texture profile analysis purposes 
was not possible as this pilot study was the first application of this technique in 
ovarian tissue. Thinking out of the box and applying techniques, known from food, 
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pharmaceutical and biomaterial research and industry, however enriched our know-
ledge on textural properties of human ovarian tissue. Optimization of this technique 
broadens possibilities for ovarian tissue research and, apart from increasing know-
ledge on physical properties and changes in tissue directly, this knowledge is directly 
translatable to research in artificial ovary engineering. Texture profile analysis is also 
applied in biomaterial industry and there is huge interest in the design of a suitable 
environment for in vitro follicle culture. As in the first study, an altered study design 
would be ideal as a prospective cohort study with 2 surgical interventions to obtain 
non-exposed and exposed ovarian tissue from the same person would more clearly 
distil the studied difference from other interfering variables. 

6.5 Controlled primordial follicle activation for clini-
cal purposes

The massive activation of primordial follicles based on Hippo pathway interrup-
tion may influence the current clinical practice in several ways. If ovarian cortex 
transplantation is the intended technique upon thawing, the primordial follicle pool 
might benefit from larger strips (and thus less Hippo pathway disruption) where 
less recruitment (and thus graft burnout) could be a huge benefit. However, cryo-
preserving larger cortical strips is challenged by an adequate and equal diffusion of cryo 
protectants through the tissue without harming the tissue by prolonged exposure 
to the cryo protectant (14). Another option would be pre-treatment of smaller cor-
tex strips to limit Hippo pathway disruption effects, for example using Diaphanous 
(DIAPH) formins that suppress actin depolymerization (15). This pre-treatment might 
also be of benefit in whole ovary cryopreservation as it keeps follicles in a dor-
mant state during cryoprotectant diffusion and, a second benefit it keeps primordial 
follicles in a metabolic inactive state until an adequate vascular anastomosis is 
obtained post transplantation. This would again be helpful to prevent follicle burnout 
during the initial period of warm ischemia (16). 
Not only for fertility preservation purposes, but also in controlled ovarian stimu-
lation schemes, Hippo pathway disruption can be used to obtain an increased oocyte 
yield. Both POI and PCOS patients, 2 extremes of a spectrum are difficult patient 
groups for controlled ovarian stimulation. Results presented in this thesis confirm 
that disrupting the Hippo pathway might activate preantral follicle growth in order 
to obtain more early antral follicles to stimulate. This so-called in vitro activation, 
where fragmentation ovarian strips to cubes (Hippo pathway) and incubation in pre-
sence of a PTEN inhibitor and PI3K stimulator in preparation of laparoscopic auto-
transplantation in POI patients was first proven to be effective by Kawamura et 
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al. (7). A simplified protocol consisting of ovarian biopsies and subsequent auto-
transplantation of fragmented ovarian cortical tissue also succeeded in activating 
dormant follicles and to increase the number of recruitable follicles for IVF/ICSI in 
women with diminished ovarian reserve (17). Hippo pathway disruption in situ by 
laparoscopic ovarian drilling or wedging or maybe by development of an ultrasound 
guided vaginal technique might also be sufficient to induce preantral follicles to 
mature to an antral, and thus FSH-responsive state, in a less invasive way. This 
approach could thus further optimize the oocyte yield in the more difficult patient 
cohorts in controlled ovarian stimulation.

6.6 Eliminating residual malignant disease

As mentioned above, not all patients are eligible for ovarian tissue transplantation 
and therefore several groups attempt to culture ovarian tissue in vitro (7, 18, 19). In 
vitro activation and maturation of primordial follicles is only one of the options to limit 
the risk of malignant cell transmission through transplantation of cryopreservation 
ovarian tissue in oncological patients. Improved follicle isolation methods to obtain 
disease free follicle suspension while maintaining good follicle viability from cryo-
preserved ovarian tissue from leukaemia patients are being explored (20). Grafting 
these disease-free follicle suspensions in specially created matrices, so-called trans-
plantable artificial ovaries is another promising option (20-22). These scaffolds serve 
to encapsulate, protect and maintain the 3D structure of isolated follicles. Several 
polymers have been tested for use as a matrix for the transplantable artificial ovary, 
including alginate, collagen, fibrin, plasma clot, decellularized ovarian extracellular 
matrix and polyethylene glycol (23, 24). Next to the physical support to maintain 
cell-cell contact between oocyte and somatic cells, these scaffolds should enable 
the follicle to expand and should be easily removable. Based on our results, we can 
add the importance of a correct matrix stiffness for adequate follicle development as 
an extra prerequisite. 
The development of a biodegradable scaffold onto which preantral follicles can be 
grafted is a research goal in itself (24), however knowledge obtained on the textural 
properties of ovarian cortex in this doctoral thesis might contribute to the develop-
ment of the ideal scaffold. Based on our observations, we recommended an overall 
matrix stiffness of 5.4 N/mm per 1 mm as a start rigidity for matrices supporting 
primordial follicles. Based on our tissue culture experience, study and mani-
pulation of the Hippo pathway in artificial ovaries would be extremely interesting for 
optimal follicle development. We hypothesize that primordial follicles need a stiffer 
environment than growing follicles, as primordial follicles reside in the stiffer super-
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ficial cortex and antral follicles are abundant in the softer medulla. This mechanical 
heterogeneity of the ovary should be respected in engineering biomimetic 3D culture 
matrices (Figure 6.3), possibly by choosing different polymers for constructing the 
core (medulla) and shell (cortex) of the microtissue in terms of their compositions 
and physicochemical properties (25).

Figure 6.3: Folliculogenesis with focus on mechanical heterogeneity in the ovarian cortex and medulla 
(left), 3D scaffold template respecting biomimetic heterogeneity by choosing different polymers, adapted 
from He et al. 2017 (25) Figure legend: 1. primordial follicles; 2. intermediate follicle, 3. primary follicles; 
4. secondary follicles; 5–6. antral follicles; 7. cumulus-oocyte complex (COC); and 8–10. corpus luteum.

6.7 Difference pre- and post-pubertal ovary

This research work, and most other research in ovarian tissue cryopreservation, has 
been using adult ovarian tissue for optimization of the techniques. The activation 
and growth of human preantral follicles to antral follicles in a multistep tissue culture 
model has been achieved in adult follicles (4). As mentioned before, nearly 80% of 
children and adolescents with cancer become ‘long-term survivors’ (26, 27). Hence, 
fertility preservation techniques, such as ovarian tissue cryopreservation need to be 
adapted to prepubertal ovarian characteristics. 
Anderson et al. described that in children most follicles appeared to be of a uni-
form diameter and non-growing, and embedded in an actin-rich dense stroma (28). 
Based on our observation, this actin-rich dense stroma already implies different tis-
sue preparation before tissue culture. They also describe a high number of oocytes 
in non-growing follicles showing an abnormal morphology with absent nucleolus and 
a distinct germinal vesicle membrane definition. During their tissue culture model, 
pre-pubertal and pubertal samples were similar pre-culture, but the pre-pubertal 
samples showed limited follicle growth activation in culture, while the pubertal sam-
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ples showed similar activation to that seen in adult tissue (28). The understand-
ing of maturational changes of the ovary and the ovarian follicles during puberty is 
essential to counsel and optimize fertility preservation in prepubertal girls (29). 
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Conclusion

In conclusion, this doctoral thesis provides valuable insights in ovarian tissue 
characteristics and ovarian tissue culture in the context of cortex cryo-
preservation. Cortical follicle distribution in transgender men seemed to be surprising-
ly normal after more than a year of testosterone treatment. The presence and in vitro 
maturation potential of COC obtained during the tissue processing of ovaries 
procured in transgender men could be confirmed. An estimated increase of 7.5 
COCs in relation to a single unit AMH enabled the prediction of COC yield in clini-
cal practice based on AMH serum levels. The recovered COCs show a maturation 
percentage of 34.30% and a normal spindle structure and chromosome alignment.
During a 6 day in vitro ovarian tissue culture, a detailed evolution of follicle 
development and a follicle specific Hippo pathway involvement was presented. 
Results highlighted a Hippo pathway driven primordial follicle activation in a culture 
system where the culture efficiency could be increased by an earlier change to op-
timal preantral follicle conditions. Moreover, tissue preparation for culturing might 
benefit from adaptations for different target patients, in this study illustrated by a 
pronounced different activation in the cortex derived from transgender men versus 
oncological patients following Hippo pathway disruption. 
The last part of this doctoral thesis discussed this is the first application of TPA in 
ovarian cortex for measurement of textural ovarian cortical properties. Comparing 
the physical properties, we objectively describe an increased cortical stiffness in the 
superficial part of the ovarian cortex following prolonged testosterone administration 
in transgender men compared to the ovarian cortex of oncological patients. This 
preliminary and novel approach could be the start of future research to understand 
the physical properties of ovarian tissue.
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8.1 Ovarian tissue culture

Ovarian tissue cryopreservation is undoubtedly a promising and rapid developing 
technique for fertility preservation. Further research on the use of this banked tissue 
is however needed. In ovarian tissue transplantation, follicle burn out is one of the 
major issues to be addressed. Current research is focusing on ameliorating graft re-
vascularization and keeping the primordial follicles in a dormant state through Hippo 
pathway manipulation might increase the time frame for graft revascularization. 
If possible, oocytes derived from primordial follicles in vitro, by tissue culture or 3D 
matrices, might change the therapeutic landscape in subfertility treatments. All cur-
rent research approaches for in vitro support of follicle development have strengths 
and weaknesses but there is agreement that to achieve complete growth in vitro, 
a dynamic culture system is required to support the three main transition steps in 
oocyte/follicle development, i.e. growth activation, ongoing culture of isolated 
follicles and final oocyte maturation (1). Seen the prolonged maturation in vitro, the 
genetic and epigenetic integrity of any gametes generated must be ensured to allow 
generation of normal offspring (2). Nevertheless, the greatest step forward in the 
future will be live births after in vitro follicle development and prospective long-term 
follow up of the children is much needed.

8.2 Animal models and endangered species

The bottleneck for human reproductive research is the accessibility to study 
material. Joint efforts in (large) animal reproductive research will accelerate the 
optimization of human fertility preservation strategies. Cryopreservation of ovarian 
tissue encounters the same challenges in human and large animal models, due to 
the large size of the ovaries and the exponential growth of the follicles. 
Relevant animal models, such as bovine and ovine ovaries, can rely on unlimited 
sources of research material, enabling larger studies and less delay in the collection 
of study material (3). Furthermore, due to ethical concerns, some techniques are 
not available in human. These study approaches, such as xenotransplantation, can 
however provide valuable insight in follicle development and enables to manipulate 
pathways in animal reproductive research models.
Exchanging experiences between human and animal reproductive research is for 
both partners a win. Animal species are currently threatened due to detrimental 
human activities, such as habitat destruction, overhunting/fishing, and poaching. 
and climate change modifies natural habitats (4). The disappearance of even a 
single species can compromise the functioning of an entire ecosystem and therefore 
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conservation biology aims at understanding and sustaining thriving biodiversity 
(4). Reproductive biology is however highly diverse between or even within animal 
species and exchanging knowledge is thus essential to decipher complex 
mechanisms (4). Cryopreservation of ovarian tissue is an emerging technology for 
female germline preservation of endangered species and breeds. Optimization of the 
subsequent use of this stored tissue through (xeno)transplantation, tissue culture or 
3D matrices, could contribute to the preservation of these endangered species. 

8.3 Ovarian stem cells

Studying follicle development in vitro and attempts to improve the in vitro culture 
models also contribute to the development of human oocytes from stem cells. 
The existence and potential of female germline cells in the adult human ovary has 
been a vivid discussion over the last 15 years (5). The primordial follicle pool was 
considered to be defined at birth and the presence and maturation of this follicle 
reserve was accepted to be finite and hence defines the reproductive lifespan of a 
woman (6). However, work by Jonathan Tilly’s group initiated a vivid discussion on 
the presence of mitotically active germline stem cells in mouse and human ovaries 
(5, 7). These so-called female germline stem cells, oogonial stem cells (OSCs) or 
very small embryonic-like stem cells are able to undergo mitotic division and are 
considered capable of germ cell renewal (8-14). Starting from OSC culture, live off-
spring has been obtained in mice (15) and in human follicle-like structures have 
been obtained (8). Current research focuses on the technical restrictions to isolate 
and characterize these OSCs. On the other hand, both embryonic stem cells (ESCs) 
and induced pluripotent stem cells (iPSCs) are also being explored as possible 
stem cell sources to generate oocytes (16). Reconstitution of the entire process of 
oogenesis from mouse pluripotent stem cells to fully potent mature oocytes in vitro has 
been achieved in mice (17). Oocytes derived from human stem cells might change 
the therapeutic landscape in subfertility treatments, including fertility preservation. 
Future applications however require full in vitro growth and maturation. In this 
aspect, the work in this thesis is complementary to this stem cell research as it 
contributes in the knowledge of in vitro culture from primordial follicle stage onwards. 
Mechanical stiffness has been reported to increase in differentiated stem cells (18). 
Atomic force microscopy (AFM) has emerged as a promising tool to characterize 
the mechanical properties of biological materials and cells (18), suggesting a role 
for the Hippo pathway. Studying the hippo pathway might be a valuable target for 
influencing cellular differentiation of embryonic, adult, and induced-pluripotent stem 
cells for therapeutic and diagnostic purposes.
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Sutter P. Texture profile analysis reveals a stiffer ovarian cortex after testosterone 
therapy: a pilot study. J Assist Reprod Genet. 2019 Sep;36(9):1837-1843. DOI: 
10.1007/s10815-019-01513-x
• De Roo C, Lierman S, Tilleman K, De Sutter P. In vitro fragmentation of ovarian-
tissue activates primordial follicles through the Hippo pathway. HR Open. Submitted.
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9.4.2 A3 publications

•	 De Roo C. Endocriene disruptoren en polluenten, Verslag lentevergadering
VVOG 2017. Gynaekeia 22 (5): 10-16. 
•	 De Roo C, Dierickx I. Pijnloos bloedverlies bij een zwangerschapsduur van 7 
weken. Ned Tijdschr Geneeskd. Submitted.

9.4.3 B2 publications (Chapters in books)

• De Roo C, Tilleman K, T’Sjoen G, De Sutter P. Fertility options in transgender 
people. In W.P. Bouman, A.L.C. de Vries, G. T’Sjoen:  Gender Dysphoria and Gender 
Incongruence. ISBN-13 978-1138213913
• De Roo C, Tilleman K, T’Sjoen G, De Sutter P. Fertility options in transgender 
people. In W.P. Bouman, J. Arcelus (eds): The Transgender Handbook - A Guide 
for Transgender People, their Families, and Professionals: pp 133-46. ISBN 978-1-
53611-843-8
• De Roo C, T’Sjoen G. Sperm preservation in transgender patients. In A. Majzoub, 
A. Agarwal, (eds): The complete guide to male fertility preservation: pp 121-8. ISBN 
978-3-319-42395-1. 
• Tilleman K, De Roo C, Lierman S, De Sutter P. Treating Transgender People. In: 
Textbook of Assisted Reproduction.
• De Roo C, T’Sjoen G. Fertility Options for Transgender Persons. In: Wass J., Arlt 
W. and Semple R. (eds): OT Endocrinology and Diabetes 3e.

9.4.4  Abstracts, oral or poster presentations at conferences
9.4.4.1 Oral presentations

•	 Peeters H, De Roo C, Malfait A, Laukens D, De Vos M. Fatigue in active and 
quiescent IBD is not related to serum levels of zinc, carnitin or pro-inflammatory 
cytokines. (2010) Digestive Disease Week 2010 (DDW 2010). New Orleans, Los 
Angeles, United States of America, 10/05/2010 - 15/05/2010.
•	 De Roo C, Nikiforaki D, Vanden Meerschaut F, Lu Y, Lierman S, Qian C, Hein-
dryckx B, De Sutter P. Calciumpatroonanalyse tijdens eicelrijping en na toepassing 
van geassisteerde eicelactivatie. VFS voorjaarsvergadering, Samenvattingen. Brus-
sel, België, 25/05/2012.
•	 De Roo C, Lierman S, Tilleman K, Cornelissen M, Weyers S, T’Sjoen G, De 
Sutter P. Anti-Mülleriaans hormoon (AMH) serumspiegels zijn gecorreleerd met het 
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aantal primaire follikels in ovaria van transmannen. Lange mondelinge presentatie 
VVOG assistentendag 29/03/2014 (dr. A.S. Page); Leuven, België.
•	 De Roo C, Lierman S, Tilleman K, Cornelissen M, Weyers S, T’Sjoen G, De 
Sutter P. Anti-Müllerian hormone (AMH) serum levels are correlated with the number 
of primary follicles in ovaries of female-to-male transgender persons. 30th Annu-
al Meeting of European Society of Human Reproduction & Embryology (ESHRE), 
Munich, Germany. 30/06/2014-02/07/2014. Human Reprod 2014; 29 (supp 1): i86.
•	 Lierman S, Tilleman K, De Roo C, Cornelissen M, De Vos WH, Weyers S, 
T’Sjoen G, Cuvelier CA, De Sutter P. In-vitro maturation of cumulus enclosed oo-
cytes collected from the remaining medulla tissue at the time of ovarian tissue 
cryopreservation. 30th Annual Meeting of European Society of Human Reproduction 
& Embryology (ESHRE), Munich, Germany. 30/06/2014-02/07/2014. Human Reprod 
2014; 29 (supp 1): i20-i21.
•	 De Roo C, Lierman S, Tilleman K, Cornelissen M, Weyers S, T’Sjoen G, De Sut-
ter P. Anti-Müllerian hormone (AMH) serum levels are correlated with the number of 
intermediate and primary follicles in ovaries of female-to-male transgender persons. 
Research Day, 05/03/2015, Ghent, Belgium. 
•	 De Roo C, Lierman S, Tilleman K, Cornelissen M, Weyers S, T’Sjoen G, De Sut-
ter P. Anti-Müllerian hormone (AMH) serum levels are correlated with the number of 
intermediate and primary follicles in ovaries of female-to-male transgender persons. 
EPATH, 12/03/2015-14/03/2015, Ghent, Belgium. 
•	 Lierman S, Tilleman K, De Roo C, Braeckmans K, Peynshaert K, Weyers S, 
T’Sjoen G, De Sutter P. Frozen-thawed in vitro matured oocytes collected at the time 
of ovarian tissue processing, for the purpose of fertility preservation for transsexual 
persons, show normal spindle formations. 31st Annual Meeting of European Soci-
ety of Human Reproduction & Embryology (ESHRE), Lisbon, Portugal. 14/06/2015-
17/06/2015. Oral presentation. Human Reprod 2016; 30 (supp 1): i40-i41.
•	 De Roo C. Ovarian tissue cryopreservation and transplantation: state of the 
art, Klinisch-Wetenschappelijke Vergadering, 19/11/2015, Ghent, Belgium. Oral 
presentation
•	 De Roo C. Proof of principle: the separate collection of oocytes and granulosa 
cells from paraffin-embedded primordial follicles using laser capture microdissection 
for gene expression analyses. BSRM, 13/11/2015. 
•	 Lierman S, Tilleman K, De Roo C, Weyers, T’Sjoen G, and De Sutter P. Cumulus 
growth pattern of in-vitro matured cumulus-oocyte-complexes (COC) of transsexual 
persons obtained during cryopreservation of ovarian tissue correlates with the mat-
uration status. 32th Annual Meeting of European Society of Human Reproduction 
& Embryology (ESHRE), Helsinki, Finland. 03/07/2016-06/07/2016. Human Reprod 
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2016; 31 (supp 1): i41
•	 Tilleman K, De Roo C, Lierman S, T’Sjoen G, De Sutter P. Fertility preservation 
for transgender prior to transition surgery. 32th Annual Meeting of European Soci-
ety of Human Reproduction & Embryology (ESHRE), Helsinki, Finland. 03/07/2016-
06/07/2016. Human Reprod 2016; 31 (supp 1): i44-i45
•	 Tilleman K, Lierman S, De Roo C, T’Sjoen G, De Sutter P. Fertility preservation 
for transgender people prior to transition surgery. EMJ. 2016 Aug; 21:32-33.
•	 De Roo C, Tilleman K, Lierman S, T’Sjoen G, Cornelissen R, Weyers S, De 
•	 Sutter P. In vitro activation and maturation of primordial follicles of trans men 
is currently limited by inadequate support of the preantral follicle growth. EPATH: 
Contemporary Trans Health in Europe: focus on challenges and improvements, Bel-
grade, Serbia. 06/04/2017-08/04/2017.
•	 De Roo C, Defreyne J, De Sutter P, Tilleman K, Motmans J, Kreukels B, Ment-
en B, T’Sjoen G, van Mello N. Fertility in Trans Persons. EPATH: Contemporary 
Trans Health in Europe: focus on challenges and improvements, Belgrade, Serbia. 
06/04/2017-08/04/2017. 3.
•	 De Roo C. Preservatie van fertiliteit voor transgenders: is het een optie? Nij 
Geertgen ‘Spring’ Symposium, Elsendorp, Nederland. 31/05/2017
•	 De Roo C, Lierman S, Tilleman K, Peynshaert K, Braeckmans K, Caanen M, 
Lambalk C, Weyers S, T’Sjoen G, Cornelissen R, De Sutter P. Ovarian tissue cryo-
preservation in female-to-male transgender persons: Insights in ovarian histology 
and physiology after prolonged androgen treatment. COGI, London, United King-
dom. 23/10/2018 – 25/10/2018.

9.4.4.2 Poster presentation

•	 De Roo C. Students towards unity for health (STUFH). The Network: TUFH con-
ference 2007; Kampala, Oeganda, 15/9/2007 – 20/9/2007.
•	 Vanden Meerschaut F, De Roo C, Nikiforaki D, Lierman S, Qian C, Heindryckx B, 
De Sutter P. Comparison of the effect of ionomycin versus calcimycin on the intracel-
lular calcium level in mouse and human oocytes and subsequent oocyte activation. 
Poster presentation, 28th Scientific Meeting of the Belgian Society for Reproductive 
Medicine (BSRM), Spa, Belgium, 30/11/2012 - 01/12/2012.
•	 De Roo C, Tilleman K, Lierman S, Bols P, Van den Broecke R, De Sutter P. 
Finding the optimal developmental conditions for human primordial follicle growth. 
Studenten Onderzoek Symposium 29/04/2014.
•	 Dhaenens L, De Roo C, Debunne H, Tilleman K, Vandekerckhove F, Gerris J, 
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De Sutter P. How indicative are the standard investigations in recurrent pregnancy 
loss? 30th Annual Meeting of European Society of Human Reproduction & Embryol-
ogy (ESHRE), Munich, Germany. 30/06/2014-02/07/2014. Human Reprod 2014; 29 
(supp 1): i128.
•	 Demonie M, De Roo C, Tilleman K, De Sutter P. Kritische inzichten in de maturatie 
van humane primordiale follikels. Studenten Onderzoek Symposium 26/04/2016.
•	 De Roo C, Lierman S, Tilleman K, Weyers S, T’Sjoen G, De Sutter P. Anti-
Müllerian hormone (AMH) serum levels enable preoperative estimation of the num-
ber of cumulus-oocyte complexes (COC) in female-to-male transgender persons 
(trans men). 32th Annual Meeting of European Societyof Human Reproduction & 
Embryology (ESHRE), Helsinki, Finland. 03/07/2016-06/07/2016. Human Reprod 
2016; 31 (supp 1): i448-i449.
•	 De Roo C, Lierman S., T’Sjoen G., Cornelissen R., Weyers S., Tilleman K, 
De Sutter P. Optimizing in vitro activation and maturation of primordial follicles in 
transgender and oncological patients. 33th Annual Meeting of European Society of 
Human Reproduction & Embryology (ESHRE), Geneva, Switzerland. 02/07/2017-
05/07/2017. Human Reprod 2017; 32 (supp 1): i373-i374.
•	 De Roo C, Tilleman K, Vercruysse C, Declercq H, T’Sjoen G, Weyers S, and De 
Sutter P. Texture profile analysis reveals a stiffer ovarian cortex after testosterone 
therapy. 34th Annual Meeting of European Society of Human Reproduction & Em-
bryology (ESHRE), Barcelona, Spain. 01/07/2018-04/07/2018. 

9.5 Review and editing activities

•	 Ad hoc reviewer for International Journal of Transgenderism
•	 Ad hoc reviewer for Journal of Clinical Endocrinology & Metabolism (JCEM)
•	 Ad hoc reviewer for Journal of Assisted Reproduction and Genetics (JARG)

9.6  Student guidance

•	 Jozefien Roose, “Fertility preservation in patients with breast cancer.” Master in 
Medicine, promotor: prof. dr. R. Van den Broecke, Academic year 2013-2014 
•	 Jonas Depamelaere, “The effect of freezing and thawing of ovarian tissue on 
the vitality of follicles.” Bachelor in Biomedical laboratory technology, Pharma-
ceutical and biological laboratory technology, promotor: dr. K. Tilleman, Academic 
year 2013-2014.
•	 Jana Defever, “Laser capture microdissection (LCM) as a method to isolate folli-
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cles in ovarian tissue to analyse gene expression in granulose cells and the oocyte 
separately.” Bachelor in Biomedical laboratory technology, Pharmaceutical and bio-
logical laboratory technology, promotor: dr. K. Tilleman, Academic year 2014-2015.
•	 Margaux Demonie, “Determining factor in the in vitro maturation of primordial fol-
licles to competent oocytes.” Master in de medicine, Promotor: Prof. dr. P. De Sutter, 
dr. K. Tilleman, Academic year 2015-2016.
•	 Roisin Baker, “Gene expression analysis of key players in the HIPPO and PTEN 
pathway.” Bachelor Biomedical laboratory science – exchange student.  Academic 
year 2015-2016.
•	 Jonathan Mengé, “Changes in protein expression patterns during in vitro matu-
ration of human follicles.” Master in medicine, promotor: Prof. dr. P. De Sutter, dr. K. 
Tilleman, Academic year  2016-2017.

9.7  Scientific awards

•	 Student Poster Award, annual meeting The Network: Towards Unity for Health  
2007; Kampala Uganda
•	 Award long oral presentation VVOG day of the assistent 29/03/2014; Leuven, 
Belgium.
• De Roo C, Lierman S, Tilleman K, Cornelissen M, Weyers S, T’Sjoen G, De Sut-
ter P. Anti-Müllerian Hormone (AMH) serum levels are correlated with the number of 
primary follicles in ovaries of trans men.
•	 Selected for the basic science award ESHRE annual meeting, 1/7/2014; 
München, Germany.
•	 Robert G. Edwards Prize Paper Award 2017 for “Ovarian tissue cryo-
preservation in female-to-male transgender people: insights into ovarian histology 
and physiology after prolonged androgen treatment”. C De Roo, SLierman, K Tille-
man, K Peynshaert, K Braeckmans, M Caanen, C Lambalk, S Weyers, G T’Sjoen, 
R Cornelissen, P De Sutter. Reproductive BioMedicine Online (2017), 34, 557-566. 

9.8 Professional memberships

•	 Member of the Flemish society of Obstetrics and Gynaecology (VVOG) 
 since 2012.
•	 Member of the European Society of Human Reproduction and Embryology
 (ESHRE) since 2013.
•	 Member of the Belgian Society for Reproductive Medicine (BSRM) since 2015
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9.9 Extracurricular activities

•	 Essay contest European Union 2004 (1st laureate)
•	 Essay contest European Union 2005 (1st laureate)
•	 Student assistent first aid (2007-2012)
•	 Student assistent organ transplantation (2007-2012)
•	 Member SWOP (Student work group for education)
•	 Cofounder and president of work group STUFH (Students Towards Unity For
 Health)
•	 Student representative and co-organisation annual meeting The Network: 
 Towards Unity For Health conference
  Ghent, Belgium (2006)
  Kampala, Uganda (2007)

9.10 Lab technical skills

•	 Slow freezing ovarian tissue
•	 Immunohistochemistry
•	 Follicle count and classification (haematoxylin/eosin staining)
•	 Laser Capture Microdissection (LCM)
•	 RT-qPCR
•	 [Ca2+]i analysis
•	 Texture profile analysis
•	 Western blotting
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