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Abstract
Background: In recent years the demand for fertility preservation (FP) for
oncologic and benign pathologies has increased dramatically. Cancer,
haematological diseases, autoimmune disorders and other ovarian pathologies
often require treatment that may impair future fertility. These treatments whilst
curative, are highly toxic to the gonads, diminish the primordial follicle pool and
can cause ovarian atrophy. Consequently, the number of women likely to suffer
from premature ovarian insufficiency or early menopause is exponentially
increasing as the population of adult cancer survivors continues to grow.
With more than 130 live births reported to date, there is now sufficient evidence
to support the feasibility and efficacy of ovarian tissue cryopreservation and
transplantation for both fertility preservation and endocrine restoration purposes
However, there are still a number of issues regarding the grafting procedure. Of
primary concern is the massive follicular loss which occurs in the early post
grafting period. The ovarian tissue is currently grafted without vascular
anastomosis causing the graft to experience a period of hypoxia and ischemia
lasting up to five days while angiogenesis occurs.
Aims: In this work approaches which have been successful in other transplanted
tissues were implemented in an attempt to reduce the hypoxic conditions,
increase vascularisation to the tissue and maintain the ovarian reserve.
Methods: Using in vitro, in ovo and in vivo experimental procedures,
encapsulation of ovarian cortical tissue in an alginate matrix and/or the addition
of an angiogenic growth factor, VEGF, was explored. The optimal way for
delivering VEGF and in-situ measurement of vascularisation using novel
3

biomedical photonics was also evaluated. Outcomes were determined using
histology, immunohistochemistry and multi spectral imaging analysis.
Results: Overall a significant reduction in apoptosis and increased follicle
survival was found when cortical ovarian tissue was encapsulated in alginate
prior to cryopreservation in all models. In both the in vitro and in ovo experiments
exogenous VEGF was also found to effective in improving the ovarian
angiogenesis.
Conclusions: The results suggest that both alginate and VEGF are promising
applications to lessen post transplantation ischemic damage subsequent follicle
loss. Although this work is preliminary, the data should be further developed and
optimised for translational application. In doing so, the data may contribute to
overall improved outcomes following OTC-TP, an extremely beneficial procedure
providing female cancer survivors with an opportunity to conceive following their
recovery.
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Impact statement
When I embarked on my PhD, I naively thought that my thesis would be an
intellectual triumph summarising ground breaking research that would
significantly improve fertility preservation in female cancer patients. However, as
my submission date draws closer, I realise this work is just the beginning.
Nonetheless, this starting point has still been an impactful undertaking on an
academic, clinical and personal scale.
Academic Impact
My chosen research topic lead me to develop a collaborative link with
researchers at the Laboratory of Reproductive Biology in Copenhagen, who are
world-leaders in reproductive medicine. I was invited to visit their laboratories and
learnt from their highly skilled team. In doing so I was able to bring back a range
of new techniques and research methods that were shared with my colleagues
at UCL to improve our protocols.
Moreover, this collaboration highlighted new areas of research in ovarian tissue
therapy which thus far have been explored by MSc students at the Institute for
Women’s Health. We hope that some of these more complex ideas will also be
taken on by a future PhD student and I myself hope to develop my programme
of work further through post-doctoral research.
Clinical Impact
Outside of academia, my research has contributed to the development of the first
NHS funded ovarian tissue cryopreservation service in England. Products
manufactured for clinical use are required to comply with the guidelines of Good
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Manufacturing Practice (GMP). This includes cryopreserved ovarian tissue for
transplantation to restore fertility and endocrine function. Consequently, to
implement ovarian tissue cryopreservation into clinical practice the procedures
developed during my PhD research studies were taught to clinical scientists in
the GMP lab. Together standard operating procedures (SOPs) for the preparation
of solutions, tissue collection, and processing, cryopreservation, and storage
were created to ensure these procedures complied with the regulations while still
maintaining the integrity of the ovarian tissue. My research data was applied to
validate the results for the Preparation Product Dossier, a requirement necessary
to obtain the correct licensing to apply these procedures clinically. Being able to
implement ovarian tissue cryopreservation into NHS health practice is a
remarkable advancement given it is still considered experimental in most
countries and I hope it will have a positive impact on cancer survivors wishing to
conceive for years to come.
Personal Impact
Finally, on a personal level, this programme of work has made a positive impact
on my own experiences, skills and knowledge of research. It has laid the
foundations for my future aspirations to academically and clinically help female
cancer patients, when cured, resume a normal life and start a family.
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Chapter 1
Introduction and Literature Review

1.1

The Ovary

Ovaries are the female reproductive organs. Ovaries and their male equivalent,
the testes, are known as gonads. Gonads produce haploid gametes, that are
capable of fusing with the gamete of the opposite sex during sexual reproduction
(i.e. oocytes and sperm). The name ovary is derived from the Latin word for egg
‘ovarium’ (Colvin and Abdullatif, 2013).
Ovaries produce eggs known as ova, that undergo differentiation and release a
mature oocyte. Mature oocytes are then available for fertilization. The ovaries
and testes produce steroid hormones necessary for secondary sexual
characteristics development and fertility. Human ovaries are oval-shaped and lie
on the posterior wall of the pelvis lateral to the uterus. They are approximately 3
cm in length, 1.5 cm wide and 1 cm in thick (Figure 1.1).
Morphologically, the ovary is made up of two layers, the cortex, and medulla. The
outer cortex layer is thin and avascular. The ovarian cortex is composed of
specialised stroma embedded with the majority of ovarian follicles, at a depth of
approximately 1-2 mm (Figure 1.2). The inner medulla layer is extremely vascular
containing loose connective tissue, nerves, and blood and lymphatic vessels
(Kondapalli, 2012).
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Figure 1.1. Diagram of the ovarian and tubal anatomy. The ovaries sit in the
peritoneal cavity and attach to the fallopian tubes via the suspensory ligament of
the ovary. The ovary is composed of vascular medulla wherein sit more
developed follicles and corpus lutea, surrounded by a thin cortical layer
embedded with the primordial germ cells.
The functional units of the ovary are follicles, which are described as fluid-filled
sacs. Follicles are comprised of an oocyte surrounded by somatic granulosa cells
and depending on the developmental stage, theca cells may be present (Shea et
al., 2014). Granulosa cells are separated from the stromal/thecal tissue via a
basal membrane, called the lamina propria. Granulosa cells are devoid of
vascular supply. The granulosa cells are intercellularly connected with gap
junctions, forming a compact functional syncytium of cells facilitating metabolic
exchange and molecule transport (Wallace and Kelsey, 2010).
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GE
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Cortex

Medulla

SF

Figure 1.2. Photomicrograph of a pre-ovulatory human ovary at x5
magnification. The germinal epithelium (GE) of the ovary rests upon the ovarian
stroma. Primordial germ cells (PRC) are embedded in the stroma of the cortex
lined by the germinal epithelium (GE). As follicles develop into primary (PF) and
secondary (SF), they sink deeper into the medulla of the ovary.
1.1.1

Ovarian Physiology

The capacity of an ovary to produce viable oocytes cells for fertilisation is known
as the ovarian reserve. The reserve is derived from primordial follicles that are
formed during human embryonic development. Women are born with a finite
number of follicles (Figure 1.3), each containing a single oocyte. The pool of
primordial follicles is greatest at about five months of gestation with a peak of
approximately seven million follicles. The pool dramatically decreases at birth
and continues to deplete throughout a woman’s life (Bukovsky et al., 2004;
Faddy, 2000; Faddy and Gosden, 1996). The primordial follicles have the
potential to develop and produce mature oocytes, capable of being fertilised.
However, they show little to no biological activity until they are stimulated to ‘wake
up’ – a process known as recruitment (Fortune et al., 2000).
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Figure 1.1: Diagram showing the structure of the ovary and the varying stages of

Figure 1.4. Folliculogenesis. The process of ovarian follicle 2011
development. For
follicle maturation. Diagram created using Microsoft PowerPoint Mac .
a follicle to ovulate it will progress through the following stages: primordial
(resting), primary, secondary (pre-antral), tertiary and antral. A mature oocyte is
then ovulated, and the supporting cells regress to form a corpus luteum.
5

During follicular development, the follicle grows from an initial diameter of 40 µm
up to 15-22 mm (Smitz et al., 2010). This complex process is regulated by both
intra-and extra-ovarian factors. The transition from a primordial to pre-ovulatory
follicle in humans exceeds 200 days (Gougeon, 1996). Folliculogenesis proceeds
at a near constant rate until menopause. Less than 0.1% of primordial follicles
develop into an ovulated mature antral follicle. The rest degenerate through a
process known as atresia, that occurs at all stages of development. About 90%
of the follicles in an adult ovary are at the primordial stage (Gook et al., 1999;
Schmidt et al., 2003).
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1.2

Fertility Preservation (FP)

Oncology patient survival has increased with advancements in early detection
and treatment, with a 23% drop in cancer death rates recorded between 1991 to
2012 (Siegel et al., 2016). About 5% of cancers affect women of reproductive
age, these women also have an estimated 5-year survival rate as high as 88% to
98.5% according to the National Cancer Institute (Howlader, Noone and Krapcho
2011).
The American Society of Clinical Oncology recommends that clinicians
encourage counselling young cancer patients about fertility preservation (FP)
methods (Martinez et al., 2017). Despite these recommendations, evidence
shows that not all oncologists counsel their patients appropriately (Flink et al.,
2017; Nieman et al., 2006). Newly diagnosed oncology patients tend to prioritise
short-term concerns regarding their treatment and mortality. Longer term
concerns and morbidity become of greater importance after treatment, and
studies have shown that becoming a parent is an important determinant for
cancer survivor quality of life (QOL) (Kondapalli et al., 2014; Letourneau et al.,
2012). The possible impacts of cancer therapy on the patients’ reproductive
system should be broached soon after diagnosis; allowing for consideration of
FP procedures prior to treatment. By mitigating the potential loss of fertility
through FP, QOL amongst cancer survivors can be improved (Yasmin et al.,
2018).

1.2.1

Indications for fertility preservation

FP has been indicated mainly to safeguard fertility in cancer patients at risk of
ovarian insufficiency and infertility due to gonadotoxic treatments. However,
patients with benign conditions such as recurrent ovarian cysts, ovarian torsion,
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endocrine disorders and autoimmune disease may also benefit from FP (Dolmans
and Manavella, 2018; Jensen et al., 2017; Ott et al., 2010).
Female fertility is invariably linked to the functional unit of the ovary, the follicle.
As described in section 1.1.1, follicles constantly grow throughout a woman’s
reproductive life producing one oocyte per month capable of fertilisation.
Immature follicles that do not reach maturity undergo programmed cell death.
This cycle continues until a woman’s ovary has exhausted all follicles and
menopause commences. If treatment is likely to induce premature ovarian
insufficiency (POI) then FP is indicated.

1.2.2

Oncological treatment and ovarian toxicity

Cytotoxic therapies, such as chemo and radiotherapy, can reduce follicle stores
and induce ovarian atrophy leading to premature ovarian failure (POF) and
infertility (Maltaris et al., 2007; Meirow and Nugent, 2001). Although cytotoxic
treatments have adverse effects on gonadal function in women of all ages, older
women have a higher incidence of becoming permanently infertile compared with
younger women (Lushbaugh and Casarett, 1976; Meirow and Nugent, 2001).
The degree and persistence of the damage is dose and treatment therapy
dependent (Maltaris et al., 2007).
1.2.2.1 Chemotherapy
Chemotherapy is a cancer treatment that interrupts vital cell processes to destroy
rapidly proliferating cells. Chemotherapy not only damages cancer cells but also
destroys healthy cells with similar replication profiles, such as female follicular
cells (Mahajan, 2015).
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Chemotherapeutic agents can cause mutations, DNA adducts, and structural
breaks as well as oxidative damage in somatic and germ cells. However, different
classes of chemotherapies exert toxicity via various defined cellular cascades.
Alkylating agents such as cyclophosphamide or ifosfamide are the most
gonadotoxic agents (Ezoe et al., 2014). They join with DNA preventing replication
and transcription, directly depleting the follicular pool (Sonmezer and Oktay,
2006). Other common chemotherapeutic agents such as cisplatin, can also
damage the female gonads by initiating vascular alterations and fibrosis of the
ovarian cortex, further reducing the follicular pool (Meirow et al., 2007).
Studies have shown that ovarian granulosa cells are most affected by the
different chemotherapy agents (Marcello et al., 1990). Toxicity causes a build of
calcium deposits and cellular oedema in the granulosa cells damaging the
nucleus and oocyte morphology (Familiari et al., 1993). Additional factors, such
as vascular alterations and fibrosis of the ovarian cortex may further reduce
follicle stores (Meirow et al., 2007).
The effect of chemotherapy on the ovary is not an all-or-nothing response, the
number of surviving primordial follicles will depend on several factors such as
patient age, type of agent used, and dosage received (Meirow and Nugent,
2001).
Patient age is one of the most significant factors in predicting the extent of ovarian
damage following chemotherapy (Meirow and Nugent, 2001). Studies comparing
the incidences of complete ovarian failure in chemotherapy patients, confirmed
that younger cohorts experience less severe and persistent effects (Fisher and
Cheung, 1984; Moore, 2000; Sanders et al., 1996). For these patient’s their larger
primordial follicular pool prior to treatment likely provides a protective reserve
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against complete follicular exhaustion (Cooke and Nelson, 2011; Sanders et al.,
1988).
The number and variety of chemotherapeutic agents causing ovarian damage
likely provokes cell death in their own specific way (Morgan et al., 2012). Figure
1.5 illustrates potential mechanisms by which chemotherapy can induces ovarian
damage.

Figure 1.5. Potential targets of chemotherapeutic agents. Stages of follicle
development. Each month, one follicle from the resting pool develops to the preovulatory stage and is ovulated. The rest undergo atresia. (B) Potential targets
of chemotherapeutic damage within the ovary. (i) Chemotherapeutic agents can
directly affect the resting pool of primordial follicles or the growing follicle
population. As growing follicles inhibit the recruitment of primordial follicles, the
loss of this growing population will lead to increased activation of primordial
follicles and thus the loss of that reserve. (ii) Chemotherapeutic agents can also
directly target the oocyte or the somatic cells. Oocyte death can then occur as a
result from death of the follicular somatic cells, as the oocyte is reliant on these
for its survival (Morgan et al., 2012).
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1.2.2.2 Radiotherapy
Radiation therapy uses high-energy particles or waves, such as x-rays, gamma
rays, electron beams, or protons, to destroy or damage cancer cells in targeted
areas. In doing so the radiation makes small breaks in the DNA inside cells which
prevents the cancer cells from growing and dividing subsequently causing them
to die. However, nearby normal cells can also be affected by radiation. While
most recover and go back to working the way they should, radiation in the pelvic
area has been shown to cause permanent damage to the follicular pool (Nicholas
et al., 2017).

However, the tolerance of the ovary to radiation exposure depends on several
factors including the age of the patient, volume of the irradiated tissue, the total
dose of radiation and the risk of scatter. The risk of developing POF closely
correlated the dose of radiotherapy, with patients requiring total body irradiation
prior to bone marrow transplantation, experiencing almost immediate depletion
of primordial follicle reserve leading to complete ovarian failure (Meirow and
Nugent, 2001).

1.2.3

Accepted and available strategies for fertility preservation

Clinical practice guidelines for the preservation of fertility in cancer patients were
first published in 2005 by the Ethics Committee of the American Society for
Reproductive

Medicine

(ASRM).

These

recommendations

provided

gynaecologists, oncologists, and other health professionals with strategies for
preserving fertility in patients undergoing cytotoxic therapies (Ethics Committee
of the American Society for Reproductive Medicine, 2005; European Society for
Human Reproduction and Embryology (ESHRE) Guideline Group on POI et al.,
2016; Lee et al., 2006; Martinez et al., 2017).
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Clinically available methods for fertility preservation are summarised in Table 1.1.
Each patient should be counselled regarding potential fertility loss and referred
to fertility specialists to discuss their available options.

The following

considerations should be taken into account when advising patients (Lee et al.,
2006):
•

age,

•

type of chemotherapy,

•

size and location of the radiation field,

•

dose and dose-intensity of treatment,

•

method of administration (oral versus intravenous),

•

disease type,

•

partner status, and

•

pre-treatment fertility status of the patient.

However, despite the number of established and experimental options available,
embryo and

mature oocyte cryopreservation are the only methods

recommended by ASRM (Lee et al., 2006; Martinez et al., 2017; Oktay et al.,
2018).
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Table 1.1.

Fertility preservation methods for women facing gonadotoxic treatment.

Method

Gonadal damaging
treatment

Oophoropexy

Abdominal radiation

Age Group

Mode of future
conception

Advantages

Disadvantages

P- girls

Spontaneous or IVF

Standard and safe procedure

Scatter radiation

Fertilisation of
oocytes and/or
embryo transfer

Established technique

● May incur delay of treatment

P+ girls
Adult women
Cryopreservation
of embryos and/or
oocytes

BMT, abdominal radiation
or high does AA

P+ girls
Adult women

● Requires sperm
● Fixed fertility potential
● Not appropriate for P- girls
● Not appropriate for those with
hormone sensitive tumours

Cryopreservation
of ovarian tissue

BMT, abdominal radiation
or high does AA

P- girls
P+ girls
Adult women

Spontaneous or IVF
after transplantation
of frozen-thawed
tissue

● Minimal delay in
commencing treatment
● Restores ovarian function
● Spontaneous and
repeated conception
possible
● No lower age limit

AA: Alkylating agent; BMT: Bone marrow transplants; P-: Prepubertal; P+ Post pubertal
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● Requires surgery
● Possible risk of malignant
contamination
● Efficacy unknown
● Experimental
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1.2.3.1 Oophoropexy
Oophoropexy or ovarian transposition is a surgical procedure used for preserving
ovarian function in patients at risk of radiotherapy induced ovarian failure (Farber
et al., 2005; Moawad et al., 2017). The surgery, which can often be done
laparoscopically, involves the separation of one or both ovaries and fallopian
tubes from the uterus and attachment to an area away from the field of radiation
(Meirow and Nugent, 2001).
Reports evaluating the efficacy of ovarian transposition with respect to ovarian
function preservation and fertility vary widely (Arian et al., 2017; Morice et al.,
2000). The literature suggests that in select cases relocating the ovaries outside
the field of radiation increases chances of preserving ovarian function by 89%
(Wo and Viswanathan, 2009).

However, maintaining endocrine function post radiotherapy does not always
assure pregnancy or live birth as irradiation is known to have damaging effects
on all reproductive organs thereby significantly impairing the chances of a
successful conception (Biedka et al., 2016).

1.2.3.2 Embryo cryopreservation
Embryo cryopreservation is the most established method of fertility preservation
and is routinely performed in patients undergoing IVF. For patients with partners
and sufficient time before cancer treatment this procedure affords the patient an
optimal chance to preserve fertility, with reported live birth rates of approximately
50.74% per embryo transfer cycle depending on the age of the patient (Zhu et
al., 2018).
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Conventional ovarian stimulation requires the use of gonadotropins to stimulate
the development of multiple follicles which is associated with a marked increase
in oestradiol (E2) levels. These increased levels of E2 are contradicted in patients
with hormone sensitive tumours such as breast cancer.
Protocols such as aromatase inhibitors and oestrogen receptor modulators have
been developed to reduce the effects of high E2 levels. However, a delay of four
to six weeks prior to the initiation of cancer treatment is still required to allow the
patient to undergo a stimulation cycle (Oktay et al., 2006).
Consequently, this method is not feasible when chemotherapy has to be
commenced immediately, or where a patient does not have a partner nor wishes
to use donor sperm (Bedoschi and Oktay, 2013). Additionally, embryo
cryopreservation excludes all pre-pubertal FP patients where ovulation induction
is not viable.
1.2.3.3 Mature Oocyte Cryopreservation
Controlled ovarian stimulation followed by oocyte cryopreservation is a relatively
new course of action available for women who want to preserve their fertility,
without a male counterpart. The procedure involves hormonal stimulation to
mature multiple follicles, which are then surgically extracted and cryopreserved
for future use (Nagy et al., 2009; Santos et al., 2010).
Mature oocytes are considered to be more vulnerable to cryopreservation
damage as they often fail to survive the freeze-thawing process (Konc et al.,
2014). As the biggest cell in the mammalian body, the oocyte has a large surface
area to volume ratio and a low permeability to water (Mahmoud et al., 2014).
Consequently, oocytes are prone to retaining more water when frozen than other
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cell types, increasing the risk of damaging intracellular ice formation (Paynter,
2005).
In the last decade, vitrification, a cryopreservation technique that leads to a glasslike solidification has replaced conventional slow freezing protocols. Results from
vitrified oocytes are reassuring and show promise at improving oocyte
cryopreservation outcomes (Cobo et al. 2008).
However, compared with the use of frozen embryos, there is still limited robust
data available regarding actual pregnancy rates from cryopreserved-thawed
oocytes (Diaz-Garcia et al., 2018). The live birth rates are dependent on the
number of mature oocytes available for cryopreservation. This number will in turn,
depend on the number of ovarian stimulation cycles carried out, as well as the
age of the patient at the time of cryopreservation. As such, the American Society
for Reproductive Medicine still only estimates a 4-6% chance of a live birth per
cryopreserved-thawed oocyte (Practice Committee of the Society for Assisted
Reproductive Technology and Practice Committee of the American Society for
Reproductive Medicine, 2007; Seshadri et al., 2018)
A number of groups worldwide have reported increasingly high survival and live
birth rates using vitrified oocytes (Cobo et al., 2011, 2010, 2008; Seshadri et al.,
2018; Smith et al., 2010). However, the majority of the pregnancies were from
egg-donation cycles, rather than from a specific fertility preservation population
(Cobo et al., 2010; Nagy et al., 2009). Egg-donors are predominantly younger
and disease free, making them an inadequate comparison, given these factors
are known to impact reproductive outcomes.
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Additionally, most of the literature discusses oocyte cryopreservation in the
context of ovarian stimulation for in vitro fertilization (IVF) treatment. Ovarian
stimulation with gonadotropins is not always suitable for many women who are
seeking fertility preservation, especially patients with breast cancer and other
hormone-dependent cancers, and those who require immediate chemotherapy
(Chian et al., 2017).
1.2.3.4 Ovarian tissue cryopreservation and transplantation (OTC-TP)
Ovarian tissue cryopreservation (OTC) for the purpose of transplantation (TP)
does not require ovarian stimulation and can be performed immediately, with no
delay to cancer treatment. Moreover, it is the only method of FP available to
prepubertal girls at risk of treatment induced POF, as sexual maturity of the
ovaries is not required (Dolmans and Manavella, 2018). Unlike embryo and
oocyte cryopreservation, OTC-TP also has the potential to restore endocrine
function and preserve hundreds of primordial follicles more effectively at once.
The tissue is procured during a laparoscopic procedure, followed by tissue
preparation and cryopreservation typically using a controlled rate slow cooling
(CRSC) device (Andersen et al., 2018). Ovarian tissue transplantation (OTT)
involves the thawing of previously cryopreserved ovarian tissue and surgically
autografting the tissue back to the patient.
The storage of ovarian tissue allows for a large pool of primordial follicles to be
preserved that when transplanted are capable of restoring fertility and inducing
endocrine function (Andersen and Kristensen, 2015; Kim, 2012; Oktay and
Karlikaya, 2000).
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The literature reports return of endocrine function in 93% of women and a live
birth rate of 23% following OTC-TP (Donnez and Dolmans, 2015). However, the
actual efficacy of OTC is speculative as the total number of transplants attempted
relative to the positive outcomes is typically not reported, and it cannot be proven
that the restoration of reproductive function is due exclusively to the transplanted
tissue.
Moreover, details of the transplantation procedure, such as number of tissue
pieces, transplantation attempts and site of transplantation is also not always
described

(Donfack et al., 2017). As these factors have been shown to

significantly influence graft outcomes further prospective analysis is required
before an accurate live birth rates can be determined.

1.3

The Development of OTC-TP

Ovarian tissue cryopreservation followed by auto transplantation is a promising
modality of fertility preservation with successful and viable clinical outcomes.
Ovarian tissue freezing preserves a large proportion of the primordial follicle pool,
increasing the potential to restore fertility, endocrine function (Jensen et al., 2015)
and in some cases induce puberty (Ernst et al., 2013).
Animal studies investigating the use of cryopreserved ovarian tissue for fertility
preservation were first performed in the 1950s (Deanesly, 1954; Parkes and
Smith, 1953; Parrott, 1960). Later, studies with human ovarian tissue in vitro
(Newton et al., 1996), in other animals (Gosden et al., 1994; Candy, Wood and
Whittingham, 2000; Salle et al., 2002; Almodin et al., 2004) and in xenograft
models (Oktay et al., 1998) contributed to successful ovarian cryopreservation
and transplantation methodology.
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The first autologous ovarian transplant with previously banked cryopreserved
ovarian tissue was performed by Oktay et al., in 1999. Tissue pieces were thawed
and sutured underneath the left pelvic peritoneum laparoscopically. Within six
months resumption of endocrine function and confirmed ovulation was reported.
The first live birth from fresh human ovarian tissue transplanted between identical
twins was reported in 2004 (Silver et al 2004). Later that same year the landmark
live birth from auto transplanted previously cryopreserved ovarian tissue was
announced (Donnez et al., 2004). It was then, that the procedure began to grain
ground and was clinically implemented as an experimental method of fertility
preservation.

1.3.1

Sustaining organ function by cryopreservation of ovarian tissue

Very few organs are able to maintain their function following freezing. However,
the unique anatomical features of the ovary allow for the resumption of
reproductive function following a suspended state. These include:
●

The ovary is made up of both a medulla and cortex which are easily
separated.

●

The cortex, when dissected is only 1-2 mm thick.

●

The majority of the primordial follicles are located in the cortex of the ovary.

●

Primordial follicles are in a resting state which have lower metabolic
requirements than larger, growing follicles.

●

Few follicles are required to maintain ovarian function.

In order to successfully freeze cells or tissue, they must be placed in a
cryoprotectant (CPA). These CPAs are usually organic compounds that, unlike
water, do not expand in volume when transitioning from a liquid to a solid ice-
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state during cooling (e.g., ethylene glycol or dimethyl sulfoxide). However, CPAs
can also exert toxic effects on cells. In the ovary, because the diffusion distance
across the cortex is only 1 mm to 2 mm, a uniform equilibration of the tissue can
occur relatively quickly limiting the potential adverse side effects of CPAs
(Rosendahl et al., 2011).
Moreover, only a small number of follicles are required for the ovary to function
(Andersen et al., 2012). Despite follicular depletion from ovarian tissue freezing
and transplantation, the remaining follicles appear sufficient to maintain ovarian
function for a number of years (Greve et al., 2012).
Clinically, the most commonly used cryopreservation protocol is CRSC. An
automated cooling machine is used to achieve controlled freezing rates. This
allows for the reduction of intracellular water content as the temperature of the
machine slowly decreases until tissue vitrification occurs. A single adult ovary
yields approximately 20 to 25 individual pieces of the cortex which are frozen
individually in cryoprotectant containing ampoules (Figure 1. 7). The number of
pieces obtained is dependent on the size of the ovary. More pieces allow for
multiple transplantation attempts.

43

Chapter 1

Figure 1.6. Processing, freezing, storing, thawing and preparing ovarian tissue
for cryopreservation and transplantation (Adapted from Kristensen 2018).
1.3.2

Site of ovarian tissue transplantation

Ovarian tissue can be transplanted to orthotopic or heterotopic locations.
Orthotropic transplantation involves implantation of ovarian cortical tissue pieces
on the exposed medulla of the remaining ovary or within prepared peritoneum
near the ovary (Donfack et al., 2017).
Transplantation site selection must take into consideration the possibility of
natural conception, ease of the procedure, access for oocyte collection, and the
volume of tissue (Dath et al., 2010; Demeestere et al., 2009). The preference is
for transplantation is under the surface of the cortex in the non-functional
remaining ovary (Figure 1.7), where physiological conditions are natural and
spontaneous conception is possible (Donnez et al., 2012; Meirow et al., 2005).
Alternatively, heterotopic transplantation involves the grafting of ovarian cortical
tissue fragments to an extra-ovarian region or an area outside the pelvis
(Sonmezer and Oktay, 2010). Heterotopic transplantation is controversial and
success rates in terms of live birth rates remain low (Stern et al., 2013). Published
case reports have described transplantations capable of restoring endocrine

44

Chapter 1

function and embryo development in the subcutaneous space of the forearm,
muscle and abdominal wall (Oktay et al., 2004).

Figure 1.7. Orthotopic surgical transplantation of ovarian tissue. Thawed
ovarian cortical tissue is sutured onto the intact ovarian fossa laparoscopically.
1.3.3

Evaluating the success of OTC-TP

Evaluating the clinical success of OTC-TP is complex. Most of the published
studies are case reports or case series where the total number of attempts
(denominator) is not always specified.
The gold standard for evaluating successful OTC-TP is the return of endocrine
function resulting in a pregnancy. The primary aim is to maximise follicle survival
because of the direct quantitative relationship between the size of the follicle
reserve and the number of menstrual cycles generated after transplantation.
Although freezing, thawing and ischaemia has been shown to impact follicle
viability, the extent to which is causes damage to the tissue is variable and difficult
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to quantify. Several in vitro models have been applied to evaluate follicle survival
after freezing and thawing of ovarian tissue. These include;
•

morphological evaluation of follicle integrity and stromal cell density by
means of classical histological analysis (Fabbri et al., 2016; Keros et al.,
2009; Kristensen et al., 2018; Sanfilippo et al., 2015),

•

culture of ovarian fragments or isolated preantral follicles with hormone
secretion measurements (Isachenko et al., 2009), and

•

evaluation of DNA fragmentation in primordial follicles by various live/dead
assays (Herraiz et al., 2014; Sanfilippo et al., 2015).

While these methods have been useful tools to indicate a level of potential
follicle survival within the stored tissue, they are not able to provide a direct
quantitative measure of follicle survival rate in the tissue intended for clinical
transplantation.
Some centres carry out functional qualitative testing of the follicles’ ability to
survive

in

by

xenografting

previously

cryostored

ovarian

tissue

to

immunodeficient mice (Amorim et al., 2011; Gook et al., 2005; Rosendahl et al.,
2011). However, this method is costly and requires skills and equipment not
readily available at most fertility centres. Moreover, it still does not provide
quantitative measures of follicle survival and is a lengthy process requiring almost
2 months to obtain the results.
Additionally, as there is a long latency period between cryopreservation and
transplantation of the tissue, few clinical cases have been followed up long term.
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The lack of effective evaluation techniques and robust outcome data makes
accurate evaluation of OTC-TP challenging. Therefore, success rates should be
quoted with caution, and thoroughly explained to patients considering this
procedure.

1.4

Challenges to ovarian tissue cryopreservation and
transplantation

The primary purpose of OCT-TP is to restore endocrine function and reproductive
potential in females undergoing gonadotoxic treatment (Donnez & Dolmans
2017). The technology can potentially enable natural fertility to be restored after
transplanting the thawed tissue and is an alternative to oocyte or embryo banking
when they are unavailable or inappropriate.
However, despite the evidence to support the feasibility and efficacy of OTC-TP,
there are still a number of scientific and technical issues regarding the procedure.
Of primary concern is the massive follicular loss which occurs during tissue
processing and in the early post grafting period. Additionally, grafting tissue that
originates from a malignant host carries a risk of possibly re-introducing
malignant cells to the patient.
Given one of the major limitations of OTC-TP is follicle loss, graft survival and
preservation of the primordial follicle pool is critical to the procedure’s success.
Moreover, the ability of these surviving follicles to grow and develop is also
crucial.
There are a number of factors which have the potential to reduce follicle survival:
1. The size and composition of the ovary make it susceptible to injury during
freezing.
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2. Avascular transplantation can lead to delayed revascularisation damaging
the tissue.
3. Possible re-introduction of malignant cells.

1.4.1

Cryoinjury

There are two distinctive cryopreservation procedures used to freeze and store
gonadal tissue (Suzuki and Donnez, 2016). Controlled rate slow cooling (CRSC)
and vitrification. Both procedures include four common steps:
1. Exposure of the samples to a cryoprotectant (CPA)
2. Freezing and cooling to the storage temperature (-196°C)
3. Thawing and rewarming
4. CPA removal
Vitrification has recently emerged as the preferred freezing technique when
cryopreserving blastocysts and oocytes (Gook and Edgar, 2018). However, only
two live births have been reported following vitrification of ovarian tissue (Suzuki,
2015). Consequently, CRSC is the preferred method of cryopreservation of
ovarian tissue for clinical application. Further evidence demonstrating better
quality freezing of ovarian tissue following vitrification is required before it can be
considered superior to CRSC (Dolmans and Donnez, 2018).
The ovary is composed of multiple cell types, making OTC freezing more
complicated than the cryopreservation of single cell type tissues. To survive
cryopreservation, cells must be optimally dehydrated to an extreme degree
where there is no possibility for intracellular free water to form ice crystals (Mazur
et al., 1972). At ultra-low temperatures (-40oC and below) the thermodynamic
imperative for any mobile water molecules is to nucleate ice. However, most cells
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cannot normally withstand such extreme dehydration, which affects not only
metabolic interactions but the many molecular structures within the cell.
Cryopreservation of ovarian tissue, a complex biological system, increases the
risk of potential cryoinjury.
The addition of CPAs, such as ethylene glycol or dimethyl sulfoxide, can partially
mitigate the problems caused by ice nucleation (Shaw et al., 2000b). They
increase the solute concentration of cells creating an osmotic gradient to drive
out excessive water (Elliott et al., 2017). While these molecules can help to
overcome damage caused by intracellular ice damage, they are unable to
mitigate the damage caused by rapid dehydration.
However, controlling the cooling rate and ensuring a slow and steady decrease
in temperature, as opposed to a rapid drop, allows for more control over the rate
at which water moves across the membrane (Mazur 1984; Mazur 1963).
Controlling the cooling rate has been facilitated by the development of cryocoolers (Hayes et al., 1974; Sperling, 1981). Cryo-coolers have allowed for cell
or tissue specific cooling profiles to be implemented. Optimal cooling rates
establishes an equilibrium between the rate of dehydration and ice nucleation
formation, while at the same time limiting exposure to toxic solute concentrations
(Lovelock & Bishop 1959; Mazur et al. 1972).
Most fertility centres offering OTC, follow slow freezing protocols developed by
Gosden et al., 1994. In general, standard operating procedures detail the
harvesting of ovarian cortex following ovary removal or ovarian biopsy followed
by equilibration of thin fragments of cortex in CPA, before undergoing controlled
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rate cooling with manual ice seeding before the temperatures are brought down
to -196oC and the tissue is stored at liquid nitrogen temperatures.
This process became widely accepted after evidence of follicle preservation,
development, and ovulation following grafting of cryopreserved human ovarian
tissue into immunodeficient mice was reported. (Kim et al., 2002). Yet the
efficiency of the protocol to preserve human primordial follicles has never been
comprehensively evaluated.
Moreover, the cooling profile was adapted from earlier slow freezing protocols
used to cryopreserve isolated gametes, by considering the larger metabolic
requirements and surface area: volume ratio required when freezing ovarian
cortical tissue (Gosden et al., 1994; Rimon et al., 2005).
Given the advancements in cryobiology techniques, we now know that
vitrification is a more favourable mode to cryopreserve gametes (Garcia-Velasco
et al., 2013). In theory vitrification should therefore also provide better results for
freezing ovarian tissue and evidence to suggest that it is possible to maintain
tissue integrity and oocyte health following super cooling has been reported
(Kagawa et al., 2009; Keros et al., 2009; Silber, 2016).
However, slow freezing of ovarian tissue is still prevalent in clinical practice and
it will take time for any changes to ovarian tissue cryopreservation protocols to
be implemented clinically. While this was not the focus of this thesis, it is clear
that further investigation into cryopreservation of ovarian tissue is required.
Moreover, an effort to use more cryo focused outcome measures such as cryoscanning electron microscopy, might be more beneficial to refine the
cryopreservation and thawing protocols.
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1.4.2

Ischemia

Ischemia is a restriction in blood flow to tissues leading to insufficient perfusion,
depletion of cellular energy storages, hypoxia, accumulation of toxic metabolites,
and can cause cell death (Donfack et al., 2017). Ischemia, when protracted, can
induce profound and irreversible tissue injury. Further tissue damage can occur
with reperfusion as a result of a sudden in-flow of blood which can induce a
severe inflammatory response that can be detrimental to the success of the
transplanted graft.
Currently, ovarian tissue is grafted without vascular anastomosis causing the
graft to experience a period of hypoxia and ischemia lasting up to 48 hours in
rodents (Dissen et al., 1994) and five days in humans (Van Eyck et al., 2010).
These prolonged periods of hypoperfusion significantly deplete follicles from the
primordial pool limiting the feasibility and efficacy of the ovarian graft (Liu et al.,
2002).
The loss of primordial follicles following cryopreserved transplantation ranges
from 50 to 65% (Baird et al., 1999; Nisolle et al., 2000) with over 90% reported in
one study (Aubard et al., 1999). Comparisons of density in both fresh and
cryopreserved human ovarian grafts xenografted into an immunodeficient mouse
model showed similar rates of degeneration to the primordial follicle (Nisolle et
al., 2000), demonstrating that freezing and thawing itself was not the sole cause
of reduced follicles density (Demeestere et al., 2009).
Mechanistic ischemic injury induces energy depletion, reperfusion oxidative
stress (Demeestere et al., 2009), an increase of damaging lipids, DNA, enzymes,
and structural proteins which ultimately cause cell death (Kim et al., 2003).
Furthermore, reduced blood flow to the tissue can lead to tissue destruction and
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fibrosis, initiating inflammatory responses and inducing transmigration of
neutrophils and macrophages into the tissue (Vollmar et al., 1995).
A research project undertaken during my MSc lead to findings of an increased
prevalence of calcification foci in ovarian tissue biopsies xenografted into an
immunodeficient mouse model (Getreu, 2014). This same histological feature is
reported in transplanted liver tissue and attributed to transient ischemia. Initial
ischemia insult can cause an accumulation of calcium due to impaired energy
metabolism and/or plasmalemmal alterations. Raised intracellular calcium
concentration can cause modifications to the cytoskeleton of the cell altering its
overall shape, activating phospholipases and causing membrane damage and
mitochondrial calcification (Bf et al., 1979; Trump et al., 1980). I therefore
concluded that increased level of amassed cell death contributes to graft
dysfunction which interferes with normal follicular development leading to failed
tissue transplantation.
This hypothesis is supported by the findings of (Israely et al., 2006; Nisolle et al.,
2000). Their work proposes that initial ischemic damage is the primary cause of
the depleted follicular pool as follicle degeneration and damage to stromal cells
are more prevalent in the initial days after transplantation than once
vascularisation has been established. Accordingly, increasing the vascularisation
and reducing the initial period of hypoxia would reduce the massive follicle loss
after grafting.
1.4.2.1 Whole ovary cryopreservation and transplantation
Transplantation of ovarian cortical pieces is not always efficient given the
dramatic loss of follicles which occurs following transplantation. Ovarian tissue
could also be preserved as an entire ovary with its vascular pedicle, preventing
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ischaemic damage occurring between transplantation and revascularization
(Brannstorm and Milenkovic, 2010). Fertility restoration after whole ovary
preservation requires re transplantation of the whole organ accompanied
by vascular anastomoses of the blood vessels. Natural fertility has been fully
restored following auto transplantation of whole ovaries and their supporting
vascular pedicle after slow freezing and thawing in sheep (Imhof et al., 2006).
In humans, a fresh ovarian transplant to the inner arm was reported in a patient
with Hodgkin’s disease. The ovary was transplanted, away from planned field of
radiation, with the ovarian artery, vein, and vascular pedicle, allowing vessels to
be anastomosed on veins from the humoral vascular bundle (Leporrier et al.,
1987). A follow up on the patient revealed resumption of normal hormone cyclicity
for 16 years following the transplant (Brannstorm and Milenkovic, 2010). In 2008,
Silber et al., performed an syngeneic microvascular fresh ovarian transplant
between monozygotic twins. The infertile sister who received the transplant
resumed menstruation almost three months following the surgery and almost two
years later gave birth to a healthy baby girl.
Cryopreservation of the whole ovary is likely to be more problematic in adult
women due to the increased size of their ovaries, the difficulty of achieving
adequate perfusion and penetration of the cryoprotectants agents through the
whole organ, and the inherently different freezing and thawing optimal for the
different cell types in both the ovary and blood vessels (Brannstorm and
Milenkovic, 2010; Chen et al., 2006). Early stage results from a Belgium research
group show promising outcomes following whole ovary cryopreservation. They
were able to demonstrate viable follicles and intact ovarian blood vessels
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following CRSC and thawing (Martinez-Madrid et al., 2007, 2004). More research
is needed before this technique can be translated into clinical practice.

1.4.3

Reintroduction of malignancy in ovarian autografts

The risk of reintroducing malignancy during ovarian autotransplantation is of
concern and poses a threat to this procedure. Specifically for haematological
malignancies, which are more likely to metastasise to the ovaries (Meirow et al.,
2008). In a review of the literature by Rosendahl et al., 2013, 7% of samples from
442 patients showed suspicion of malignant cell infiltration following testing,
However, there have been no reported incidences of transplant induced
transmission of cancer.
The fibrous avascular nature of the ovarian cortex is thought to be the reason
there is little evidence of ovarian metastasis. The dense fibrous nature of the
cortical tissue is thought to not onlu control follicle development but provide an
inhospitable location for malignant cells (Silber 2016).
Nonetheless, a sample of tissue should be sent for histological analysis in the
clinical setting and efforts to minimise cancerous cell infiltration should be
implemented.

1.5

Improving graft function

In contrast to whole organ transplantation, in which anastomosis of blood vessels
is achieved surgically, transplantation of small ovarian tissue fragments is
contingent on neovascularisation to restore perfusion. The correlation between
the duration of ischaemia and damage to ovarian tissue and follicles has been
verified (Aubard et al., 1999; Labied et al., 2013; Nisolle et al., 2000). It is crucial
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that

reproducible

and

reliable

procedures

which

accelerate

graft

revascularisation in OTC- TP are developed.
Strategies to minimise post-transplant ischemic ovarian damage have been
attempted. To date, these strategies lack standardisation, reproducibility, and
long-term success (Mohamed, 2017). Examples include:
●

The use of neoangiogenesis inducing growth factors (Abir et al., 2011;
Henry et al., 2015; Kong et al., 2017; Labied et al., 2013)

●

The use of antioxidants (Kim et al., 2004) and gonadotropins (Imthurn et al.,
2000)

●

Mechanical induction of neoangiogenesis, by inducing tissue injury and
grafting the ovarian tissue to the forming granulation tissue (Israely et al.,
2006)

1.5.1

Proposed methods to improve graft function

Tissue damage and subsequent reduced follicle survival can be provoked by
cryoinjury during freezing. However, evidence from the literature suggests that
the damage is predominantly caused by the transplantation process (Amorim et
al., 2011; Aubard, 2003; Nisolle et al., 2000). The standard avascular surgical
procedure causes prolonged hypoxia as the tissue takes up to five days to reestablish an adequate bloody supply (Van Eyck et al., 2009). Both mechanisms
of injury trigger apoptosis and fibrosis in the tissue. As such, applications effective
in reducing this same course of damage in other cell or organ models were
explored in ovarian tissue.
The first, alginate is a successful biocompatible agent (Lee & Mooney 2012) with
cryoprotective properties (Andersen et al., 2015), capable of acting as a tool for
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controlled delivery of growth factors (Kedem et al. 2005; Jay & Saltzman 2009).
Pre-treating ovarian tissue with alginate prior to OTC-TP is anticipated be
effective in limiting graft damage.
The second, VEGF is a powerful growth factor, essential for angiogenesis
(Ferrara et al., 2003), through its regulation of endothelial cells (Li et al., 2011).
Although angiogenesis is complex processes mediated by multi-step cascade,
VEGF has the potential to induce vessel growth on its own (Ozawa et al., 2004).
Moreover, induced expression of VEGF to provoke therapeutic angiogenesis in
ischemic tissue (Ennett et al., 2006; Magovern et al., 1997) can improve blood
flow. Therefore, administering VEGF to ovarian tissue grafts may reduce the
damage caused by prolonged hypoxia by increasing vessel formation.
1.5.1.1 Alginate
Alginate is a complex polysaccharide of the anionic monomers α-L- guluronic
acid (G) and β-D-mannuronic acid (M), usually extracted from brown algae or
bacteria (Lee and Mooney, 2012). This polysaccharide forms stable hydrogels in
the presence of calcium or other divalent cations as shown in Figure 1.8
Encapsulation of cells or tissue in alginate, which is a semi-permeable
biomaterial, protects them from host damage and maintains metabolic functions
via bidirectional transfer of oxygen, nutrients, and other cellular products (Capone
et al., 2013). Alginate also absorbs water easily, making it a useful additive to
processes requiring the dehydration of cells (e.g. cryopreservation) (Strand et al.,
2003).
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Figure 1.8. Alginate polysaccharide. (A) Two guluronic acid and mannuronic
acid (1,4) linkages. (B) Alginate gelation through cross linking with Ca2+
(Vanacker and Amorim, 2017).
Alginate can form a semi-permeable membrane in most cell and tissue types
(Orive et al., 2004; Rabanel et al., 2009). This membrane can be easily removed
by depolymerising the structure with the addition of an agent which scavenges
the calcium ions. These features allow for alginate to be used as a biocompatible
product viable for clinical application (Vanacker and Amorim, 2017).
Alginate is known to have cryoprotective properties and defend against
mechanical stress in cells and tissues (Gurruchaga et al., 2018). Examples of
alginate hydrogels include the rapid freezing of encapsulated hepatocytes (Aoki
et al., 2005; Kusano et al., 2008) and cryopreservation of mesenchymal stem
cells (Pravdyuk et al., 2013).
Hepatocyte transplantation has been explored as alternative treatment strategy
for patients with chronic liver failure and requires a method to cryopreserve and
store a large volume of hepatocytes (Kedem et al., 2005; Mahler et al., 2003). An
investigation following microencapsulation of hepatocytes, found that alginate
was able to protect the hepatocytes from physical stress induced by extracellular
ice crystal formation during freezing while maintaining homeostasis of the
intracellular environment (Aoki et al., 2005; Kusano et al., 2008).

57

Chapter 1

Much like in ovarian tissue, the pitfall of cryopreserving hepatocytes is the
reduction in cell viability caused by the freeze-thawing processes. Studies to
improve cell function in microencapsulated hepatocytes have provided a
foundation to apply alginate encapsulation to protect ovarian tissue.
Alginate, in relation to ovarian tissue, has primarily been used to develop 3D
culture systems. Such systems better mimic the in vivo environment and
structure, improving follicle growth and differentiation in vitro (Pangas et al., 2003;
Kreeger et al., 2006; West et al., 2007; Amorim et al., 2009; Vanacker and
Amorim, 2017). Shikanov et al., 2011 further explored the use of alginate as a
means to facilitate host and graft tissue crosstalk. They were able to demonstrate
the potential of alginate to restore ovarian function following OTC-TP by
enhancing engraftment.
Recently, Liu et al., 2018 demonstrated the protective effects of alginate at
various concentrations when freezing mouse ovaries. Results showed that CPA
supplemented with low concentrations of alginate reduced the damage in both
ovarian cortical and whole ovarian during vitrification. The protective effect of
alginate was determined histologically sections by evaluating somatic cell death
and oocyte maturation capability in vitro. They postulated that alginate regulated
dehydration and limited the solutes passed through the cell membrane – acting
as an added barrier to damaging ice crystal formation.
Efficient ovarian tissue cryopreservation has been challenging. Studies of the
ovary and other tissues types have demonstrated that alginate improves the
cryopreservation of cells and tissues (Mahler et al., 2003; Liu et al., 2018).
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The Institute for Liver and Digestive Health, UCL frequently uses alginate to
cryopreserve hepatocytes and to develop bioartificial livers. Their work with
alginate served as a validation for the formulas and SOPs described in the
materials and methods section of this work (Chapter 2).
1.5.1.2 Vascular Endothelial Growth Factor (VEGF)
There are numerous growth factors involved in angiogenesis and blood vessel
formation; VEGF has been described as one of the most dominant angiogenic
agents (Abir et al., 2010; Holmes and Zachary, 2005). It stimulates the survival
of endothelial cells in vessels through the inhibition of apoptosis. Vascular
endothelial growth factor also promotes endothelial cell proliferation, migration,
and differentiation. It is considered a primary regulator of blood vessel growth
during vasculogenesis and angiogenic sprouting (Dvorak, 2000; Labied et al.,
2013).
Studies have shown VEGF to induce and enhance vascularisation in a number
of tissue and cell types. Particularly in in vivo hepatic tissue transplantation,
(Ajioka et al., 1999; Fallowfield, 2015), pancreatic islet grafting (Zhang et al.,
2004), and wound healing (Galiano et al., 2004; Johnson and Wilgus, 2014).
Overexpression of VEGF also increases blood flow to the uterus (David et al.,
2008; Mehta et al., 2012).
Angiogenesis of the ovary is suggested to begin within the stroma during early
follicular development. Prior to this the nutrition and oxygenation of primordial
and primary follicles rely on passive diffusion from stromal blood vessels –
presenting in a thin single layer (Suzuki et al., 1998). When follicles reach the
secondary developmental stage, surrounding stromal cells become organized in
thecal layers, containing a vast vascular network which increases as the follicle
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develops (Araújo et al., 2013; Kaczmarek et al., 2005). Following avascular
transplantation, the blood supply is compromised. Follicle loss is induced as the
development of a capillary network surrounding the follicle is essential for their
progression and development (Geva and Jaffe, 2000).
Using VEGF to stimulate blood vessel formation following avascular
transplantation OTC-TP has been shown to improve angiogenesis in the
transplanted graft (Abir et al., 2011; Friedman et al., 2012; Henry et al., 2015;
Labied et al., 2013).
Commin et al., 2012 studied the effects of two particular VEGF-A isoforms,
VEGF111 and VEGF165, on ovarian tissue in a xenograft model using
immunodeficient mice. Both forms of VEGF-A were found to increase blood
vessel formation and subsequent follicular activation. This correlates with data in
the field which focused on the use of the VEGF-A isoform.
The delivery method of VEGF has also been keenly investigated. Abir et al., 2011
concluded that exogenous VEGF supplementation was best for the promotion of
graft revascularization immediately following transplantation. A short half-life of
approximately 30 minutes in plasma precludes successful intravenous host
administration of the growth factor (Ding et al., 2009).
1.5.1.3 Alginate + VEGF
Tissue engineering to control the release of VEGF and overcome its short halflife has been investigated as an alternative mode of delivery (Elçin et al., 2001;
Kedem et al., 2005). Controlled VEGF release has enhanced vascularisation in
various tissue types such as myocardial or limb ischemia, engraftment of
hepatocytes and bone repair (Gu et al., 2004; Jay and Saltzman, 2009; Kedem
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et al., 2005). Studies have investigated the use of alginate beads or scaffolds to
discharge VEGF to asses effects on in vitro follicle development (Shikanov et al.,
2011; West et al., 2007).

1.6

Hypothesis

The success of OTC-TP still faces multiple challenges. Previous studies note
delayed vascularisation after grafting limits its success. It has been suggested
that as primordial follicles are located just under the ovarian surface, they would
benefit from new vessel growth and a reduction in hypoxic conditions. Therefore,
we hypothesise that by minimising the ischemic injury of the ovarian tissues by
decreasing the latency period before neovascularization would reduce follicle
loss and maximise reproductive potential for future fertility.
Previous studies demonstrated that the angiogenic properties of VEGF is
beneficial to the enhancement of blood vessel growth (Friedman et al., 2012;
Henry et al., 2015; Kong et al., 2017). Additionally, there is growing evidence
supporting the versatility of alginate gels as both a protective agent against
cryoinjury (Gurruchaga et al., 2018) and a versatile too for tissue regeneration
and protein delivery (Lee and Mooney, 2001).
Consequently, we suggest encapsulating the ovarian cortex in alginate prior to
cryopreservation, to protect the tissue against osmotic and mechanical stresses
induced by both freeze-thawing and transplantation. Additionally, we aim to explore
how alginate combined with exogenous VEGF might serve to improve vascular
growth and sequential follicle survival post-transplantation.
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1.7

Aims and objectives

The aims of this thesis were to explore methods to optimise ovarian tissue
transplantation by improving graft revascularisation. One of the main challenges
of ovarian graft transplantation is overcoming the initial ischaemic damage that
depletes the follicular pool. Reducing the degeneration that occurs during the first
days following grafting could prove crucial in preventing significant follicle loss.
In order to achieve these aims the following objectives were set out:
Chapter 3: Preliminarily assess the effect of alginate and/or VEGF on ovarian
tissue vascularisation through grafting onto CAM assays.
Chapter 4: Determine a favourable VEGF delivery method and evaluate the
effects of various concentrations on follicle viability to determine how best the
growth factor might be used to improve vascularisation.
Chapter 5: Asses if pre-treatment of ovarian tissue with alginate and/or VEGF
improve outcomes by reducing ischemic damage and improve follicle quality
through tissue assessment of grafts transplanted into an in vivo mouse model for
various lengths of time.
Chapter 6: Evaluate if multispectral imaging, a biomedical photonic, can provide
additional parameters of the tissue status to more effectively monitor
vascularisation in situ.
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Chapter 2
General Methods and Materials

Training was undertaken at the Laboratory for Reproductive Biology in
Copenhagen, Denmark to learn protocols, techniques, and hands-on experience
in ovarian tissue cryopreservation. These processes have been optimised for
OTC-TP in human clinical applications and used as the foundation for this work.
Any modifications to these protocols are discussed. A number of protocols were
developed previously to this work by the Institute for Liver and Digestive Health
and the Institute for Women’s Health (IfWH) Perinatal Brain Repair Group.

2.1

Permissions and Ethical Approval

Ethical approval for this study was granted by South West – Exeter Research
Ethics Committee on April 29th, 2016, Reference Number: 16/SW/0077
(Appendix A). HRA approval was also granted on July 21st, 2016, IRAS project
ID: 192377 (Appendix B, Appendix C and Appendix D). Permission to carry out
research on NHS premises was provided from the Research and Development
Department of the Royal Free Hospital and from University College London
Hospital on July 25th, 2016, project ID: 9785 (Appendix E).
Additionally, both a personal (PIL) and project license (PPL) were obtained from
the Home Office to carry out scientific procedures on living animals. PIL
I0745b735 issued on April 20th, 2016 and PPL 70/9017L issued on September
9th, 2016 (Appendix F).
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2.1.1

Patient Group and Consent

Seven women were recruited for this study. The tissue biopsies were taken from
women undergoing elective caesarean section at either UCLH or the Royal Free
Hospital. Recruiting patients from a cohort scheduled to undergo caesarean
section had been carried out in other studies investigating ovarian tissue in
Leeds, UK and Stockholm, Sweden (Chambers et al., 2010; Hreinsson et al.,
2003; Morewood et al., 2017)
The women were aged between 18 and 40 years of age, showed no signs of
coagulopathy or malignancy, had conceived naturally and had the capability to
give consent. The midwifery staff identified women that fulfilled these criteria.
These women attended the Day Assessment Unit approximately two days prior
to their operation date. At this point, the women were identified, and the research
team was given an opportunity to inform and counsel the women regarding
participation in the study. On the day of their operation, these women were again
counselled, and informed consent was obtained.
This model of recruitment proved to be challenging. A total of 92 women were
approached over the course of 6 months. The majority of patients presenting for
caesarean section did not fit the predefined eligibility criteria. Caesarean section
is usually advised to older women, those with co morbidities or with high risk
pregnancies, all of whom were excluded from the selection criteria.
Of the 92 women approached, 29 agreed to take part when initially asked.
However, 18 of these women gave birth prior to their scheduled delivery date and
only seven of remaining women actually agreed to consent on the day of their
scheduled surgery.
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2.2

Study Design

Due to a low number of human recruits the decision was made to continue the
programme of work using bovine ovaries. These were easier to obtain and
allowed for the progression of the study. Humans and cattle are both mono-ovular
species, have similarly sized ovaries and prenatal follicles which are randomly
distributed in the outer periphery of the ovarian cortex (Aerts et al., 2010; Schmidt
et al., 2003). At the cellular level, bovine and human follicles and oocytes show
the same size and organelle organization and have comparable developmental
characteristics (Anderiesz et al., 2000; Ménézo and Hérubel, 2002).
A cross-sectional study with a within-groups design comparing biopsies from the
same ovary was subjected to both in vitro and in vivo treatments. The
independent variable is the treatment of the biopsies: alginate encapsulation,
treatment with exogenous VEGF, or a combination of both.

2.3

Tissue Collection and Processing

2.3.1

Human Ovarian Tissue

Cortical biopsies were taken during the caesarean section following closure and
haemostasis of the uterine incision, to prevent any excessive blood loss. The
ovaries are routinely inspected during a Caesarean section. If there were no
complications at this point the biopsies were taken using a 5 mm diameter Stiefel
Punch Biopsy tool. This separates the required cortical tissue from the loose
medullary tissue underneath. Haemostasis was achieved using diathermy, and
the tunica albuginea was closed over with a single 3.0 Prolene suture.
The tissue was immediately transferred to Leibovitz-L15 medium (Sigma-Aldrich),
placed on ice, and transported to the laboratory. There, the cylindrical biopsies
were cut in half using a scalpel, resulting in two separate tissue pieces. One tissue
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piece was encapsulated in alginate (described in section 2.5) and cryopreserved
(described in section 2.4) together with the other ovarian tissue piece. Surplus
tissue was fixed and embedded (described in section 2.6.2) for evaluation at a
later stage. These tissue samples are still being stored in LN2 as not enough
samples were collected for any one experiment. They will be used in future studies
when more samples can be acquired (Appendix L).

2.3.2

Bovine tissue

Ovaries from reproductive age cows (under 30 months) were collected at a local
slaughterhouse (Humphreys C & Sons, Chelmsford, UK) and transported to the
laboratory in 0.9% sterile saline (Baxter). The ovaries were processed within four
hours from slaughter. Upon arrival at the laboratory, the ovaries were washed
three times in saline supplemented with 0.25% kanamycin (Life Technologies),
to prevent infection. Half of each ovary was processed individually, in a flow hood
and on ice to maintain a temperature of ~5 °C. Ovaries were dissected in 6cm
petri dishes filled with 20 ml of cooled saline. The cortex was isolated using
anatomic forceps and scalpels (Swann-Morton Ltd.). Once all medullar tissue
was removed, the cortex (1–2 mm thick) was cut into 15-20 (5 x 5 mm) pieces,
depending on the size of the ovary (Figure 2.1F).
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Figure 2.1. Tissue dissection and preparation. (A) whole bovine ovary (B)
measurement of ovary (C) whole ovary cut in half with corpus luteum evident (D)
removal of medullary tissue (E) isolated cortical tissue (F) cortical tissues cut into
~15-20 (5 x 5 mm2) pieces.
2.3.3

Media Preparation

All media was prepared in accordance with protocols from the Laboratory for
Reproductive Biology, Copenhagen, Denmark (Appendix G). Human serum
albumin (HSA) was substituted for Bovine serum albumin (BSA, Sigma-Aldrich)
when bovine tissue was used.
2.3.3.1 Freezing Media
The freezing media was made up of 1.5M ethylene glycol (Merck Millipore), 0.1M
sucrose (Sigma-Aldrich), 10 mg/ml BSA (Sigma-Aldrich) in phosphate buffered
saline (PBS, Sigma-Aldrich). Once processed the tissue pieces were then placed
in a 50 ml plastic tube containing 30 ml cold freezing media and equilibrated on
a tilting table, on ice, for approximately 25 minutes. One millilitre of freezing media
was added to each Nunc CryoTube (Sigma-Aldrich) and stored at 4°C until the
tissue was ready to be transferred. Two ovarian cortical fragments were added

67

Chapter 2

to each vial and placed in the controlled rate freezer (CRF, Asymptote,
Cambridge, UK).
2.3.3.2 Thawing Media
Three ethylene glycol wash solutions were prepared in stepwise dilution.
Thawing solution I: 0.75M ethylene glycol, 0.25M sucrose in PBS and 10 mg/ml
BSA. Thawing solution II: 0.25M sucrose in PBS and 10 mg/ml BSA. Thawing
Solution III: PBS and 10 mg/ml BSA.

2.4

Ovarian Tissue Cryopreservation and Thawing

2.4.1

Slow Freezing in a Controlled Rate Freezer (CRF)

2.4.1.1 The Use of the Asymptote VIA Freeze Research CRF
All cryopreservation’s were performed using an Asymptote VIA Freeze Research
CRF (Figure 2.2, Cambridge, UK). The machine operates by cyclic compression
and expression of gas at various temperatures, converting the heat to work energy
and negating the need for a cryogen during freezing (Morris, 2008). Clinically, OTCTP is defined as a cell or tissue therapy subject to regulations determined by the
Medicines and Healthcare Regulatory Agency (MHRA). Consequently, in the UK,
ovarian tissue must be procured, processed, and stored in accordance with Good
Manufacturing Practice (GMP). As the guidelines move towards recommending cell
therapy products be stored in pharmaceutical grade liquid nitrogen (LN2) (European
Comission, 2010), finding alternative cryogenic sources is becoming necessary, as
current commercially available LN2 is not sterile.
The Asymptote VIA Freeze has already been validated and reliably reproduced
in other tissues such as stem cells, sperm, embryos, liver spheroids (Massie et
al. 2011; Massie et al. 2014), and in ovarian tissue by members of this research
team (Morewood et al., 2017).
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Figure 2.2. Asymptote VIA Freeze Research controlled rate freezer. Reprinted
with permission from GE healthcare.
2.4.1.2 Freezing Profile
The following cooling profile was programmed into the Asymptote VIA freeze
(Newton et al., 1996).
Step 1: Cooling from 4°C to -7 °C at a decreasing rate of 2 °C/min
Step 2: Manual seeding to induce ice nucleation (Morris and Acton, 2013)
Heavy forceps were dipped in LN2 and held against the CryoTubes to induce the
physical formation of small ice crystals
Step 3: Cooling to -40°C at a decreasing rate of 0.3°C/min
Step 4: Cooling to -80°C a decreasing rate of -5°C/min
Step 5: CryoTubes plunged into LN2 (at -196°C) and stored at this temperature
until required
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Plate Temperature (˚C)

Time Elapsed (mins)

Figure 2.3. Controlled rate slow cooling profile for the cryopreservation of
ovarian tissue (Morewood et al., 2017).
2.4.2

Thawing

To thaw the tissue, cryovials were removed from LN2 and rapidly rewarmed by
immersion in a water bath at 37°C for two minutes (Bastings et al., 2016;
Morewood et al., 2017). The ovarian cortical pieces were then placed in the
thawing media (Appendix G) and washed sequentially for 5-10 minutes in each
solution, removing any excess cryoprotectant.

2.4.3

Temperature monitoring during cryopreservation

A Pico Logger (Pico Technology, United Kingdom) and thermocouple were used
to monitor the cooling rate of the samples. There can sometimes be a
discrepancy between the cooling rates of the chamber and the samples as a
result of temperature diffusion. Therefore, careful monitoring of the samples was
undertaken to avoid the risk of temperature inducing injury. Type K
thermocouples (Pico Technology) were connected to a TC-08 data logger (Pico
Technology) via USB port to a laptop. Loggers were set to take ten readings per
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second for the duration of the cooling profile. Data was logged using PicoLog
recording software (Pico Technology) and exported into Excel for analysis.
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Figure 2.4. Pico Logger measurements taken during CRSC of ovarian tissue.

2.5

Alginate Hydrogel Preparation

A 2% (w/v) alginate solution was obtained from the Institute for Liver and
Digestive Health (SOP CFH/16/S05/04, Appendix H). In brief, the appropriate
amount of alginic acid powder was slowly added to sodium chloride-HEPES
buffer while being stirred and left to mix overnight. Alginate solution was
autoclaved in a Prestige Medical autoclave at 121°C for 10 minutes and cooled
on ice before use.
The alginate solution was diluted to a 1% (w/v) by mixing 1:1 with dH20 prior to
encapsulation. Alginate stiffness has been shown to play a role in the growth and
development of ovarian follicles (Vanacker and Amorim, 2017). Most studies
have focused on the use of alginate to encapsulate isolated ovarian follicles. The
results demonstrate lower concentrations (0.3-0.5% alginate) better support the
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development of secondary follicles, whereas more rigid matrices (1-2% alginate)
are advantageous to preantral follicle growth (Hornick et al., 2012; Skory et al.,
2015; Vanacker et al., 2013).
As the ovarian cortex is primarily populated with primordial follicles an alginate
scaffold of 1% (w/v) was considered to be the most appropriate stiffness to
encapsulate the tissue.

2.5.1

Embedding of ovarian tissue in alginate

Pieces of ovarian cortex were transferred to diluted alginate. To form the bead,
droplets of alginate containing ovarian cortical pieces were gently released into
0.1 M CaCl2 solution using a sterile 3 ml pastette (Appendix I). The beads were
allowed to cross-link for three minutes. Calcium ions in the polymerisation
solution diffused into the alginate, hardening the matrix and forming a semi-solid
hydrogel bead around the tissue. The beads were subsequently rinsed in PBS to
remove any excess CaCl2 ions.

Figure 2.5. Polymerised alginate beads.
(A) Empty alginate beads
formed following crosslinking with polymerisation buffer. (B) Alginate bead
encapsulating ovarian tissue. Scale bar = 0.5mm
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2.5.2

Alginate Chelation

Following thawing the alginate matrix was dissolved from the tissue by washing
the beads in a 1:1 mixture of 16mM ethylenedinitrilotetraacetic acid (EDTA,
CFH/15/S172, Appendix J) and Universal Wisconsin cold storage solution (UW,
Bridge to Life). EDTA was diluted with the UW to reduce the potential toxicity the
EDTA could cause as a result of prolonged exposure to the tissue. The washing
solution scavenges calcium ions from the matrix causing the alginate monomers
to depolymerise and reassume the liquid phase (Massie et al., 2011). The beads
were typically left in the solution for 5 minutes, or until the alginate matrix was no
longer visibly encapsulating the tissue.

2.6

Histopathology

2.6.1

Fixing, Processing, and Embedding

Retrieved ovarian tissues were fixed in 10% neutral buffered formalin (Cell Path,
UK) for 24 hours at room temperature. Samples were then incubated overnight
at 4°C in Phosphate Buffered Saline (PBS, Life Technologies) to remove the
fixative. Tissue fixation occurs through the crosslinking of proteins within the cell
(Eltoum et al., 2001) enabling the preservation of biological and morphological
structures for analysis.
Fixed tissue samples were taken to UCL Pathology Core Facility Service (PCFS)
where histopathological services on animal tissue for research purposes was
possible. The tissue was processed using an automated tissue processor (Leica),
embedded in paraffin, and serially sectioned at 5 μm.

2.6.2

Hematoxylin and Eosin Staining

In each block, the first, central and final sections were stained with hematoxylin
Harris (Leica Biosystems) and aqueous eosin 1% (Leica Biosystems) otherwise
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known as H&E. This is a widely used stain for medical diagnosis and analysis of
tissue pathology. Hematoxylin has a deep blue-purple colour and stains nucleic
acids by a complex, incompletely understood reaction. Eosin is pink and stains
proteins non-specifically. In a typical tissue, nuclei are stained blue, whereas the
cytoplasm and extracellular matrix appear stained in various shades of pink
(Fischer et al., 2008).
All staining was carried out on a Leica Autostainer XL (Leica Biosystems)
according to the following protocol (Appendix K):
1. Two washes in xylene for two minutes a wash
2. Two washes in 100% industrial methylated spirits (IMS) washes for two
minutes a wash
3. Single wash in 70% IMS for two minutes
4. Single wash in dH2O for two minutes
5. Incubation in Hematoxylin for 1 minute and 30 secs
6. Single wash in dH2O for two minutes
7. Dip in acid alcohol for 2 seconds
8. Single wash in dH2O for 3 minutes
9. Incubation in 1% aqueous eosin for 2 minutes
10. Single wash in dH2O for 10 seconds
11. Single wash in 95% alcohol for 20 seconds
12. Three washes in 100% IMS for two minutes each
13. Two xylene washes for two minutes each
Stained tissue sections were mounted to microscope slides and covered with a
glass cover slip.
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2.6.3

Morphological Grading and Histological Counts

Each section was viewed field by field under a light microscope (DM550B, Leica
Biosystems). Follicle counts were carried out by the researcher and confirmed by
experienced pathologists blinded to the experimental conditions (Dr. Kezia
Gaiskill or Dr. Lauren Heptinstall, histopathology registrars, Royal Free London,
NHS Foundation Trust).
Follicular density was estimated by evaluation of follicles per square millimetre of
ovarian tissue (Nisolle et al., 2000) owing to variation in the follicle distribution
across the cortex (Gougeon and Chainy, 1987). Moreover, previous observations
suggest growing follicles are often found in clusters within the cortex (Schmidt et
al., 2003).
Classification of developmental stage was determined in accordance with the
follicle grading scheme outlined in Table 2.1 (Bastings et al., 2014; Gougeon,
1986).

Table 2.1.

Follicle structure during the phases of folliculogenesis.

Follicle Stage

Structure

Primordial

Oocyte surrounded by squamous granulosa cells

Primary

Oocyte surrounded by one layer of cuboidal granulosa cells
Oocyte surrounded by two or more layers of cuboidal granulosa

Secondary
cells
Oocyte surrounded by two or more layers of cuboidal granulosa
Tertiary
cells and the presence of a visible antrum containing follicular fluid
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Figure 2.6. Representative images of follicles at various stages of
development. All follicles were stained with H&E and are morphologically normal
(A) Primordial follicle. Scale Bar: 20 µm. (B) Primary follicle. Scale Bar: 20 µm.
(C) Secondary follicle. Scale Bar: 50 µm. (D) Tertiary follicle. Scale Bar: 50 µm.

2.7

Immunohistochemistry

Immunohistochemistry (IHC) is a biological method of detecting antigens, that
bind specifically to labelled antibodies within cells or tissues (Figure 2.7). The
antibody-antigen interaction precipitates a colour-change reaction, causing the
target to turn a shade of brown. The intensity of the colour is dependent on how
much of the target antigen is present in the tissue. For the purpose of this study
IHC was used to detect antibodies involved in apoptosis and angiogenesis to
determine their presence in the ovarian tissue sections.
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Figure 2.7. Representation of an immunohistochemical reaction through
antigen-antibody interaction The reaction is detected by enzymes such as
Horseradish Peroxidase (HRP) that are joined to the antibody and form a brown
coloured precipitate when the chromogen Diaminobenzidine (DAB) is added
(Anderson, 2011).
IHC staining was performed at UCL Advanced Diagnostics in consultation with
Dr. Naomi Guppy, Senior Biomedical Scientist. Staining was carried out on a
Leica Bond III automated immunostaining platform, using a Bond Polymer Refine
DAB detection kit (Leica, DS9800) as per manufacturer’s recommendation.
Sections from various levels of the tissue block were stained using the kit which
includes: a dewaxing agent, peroxide block, DAB enhancer, and serum blocking
components. Optimisation was performed on human tonsillar and bovine ovarian
tissue to validate both positive and negative expression of each protein.
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Table 2.2. Antibodies used for protein expression detection in this programme
of work including; the antibody type, supplier, antigen retrieval agent, and
optimised dilution.
Antibody

Supplier

Dilution

Antigen Retrieval

ASP175

Cell Signalling Technologies

1/300

ER1

vWF

Agilent Technologies/Dako

1/200

ER1

VEGF

Santa Cruz

1/250

ER2

2.7.1

Analysis of IHC

2.7.1.1 Cleaved Caspase-3 (ASP175)
Apoptosis is the process of programmed cell death that occurs under normal
physiological conditions. It is induced by various physical and chemical stimuli to
maintain tissue homeostasis, and immune system regulation (Kyrylkova et al.,
2012). Apoptosis can be triggered via the extrinsic pathway from cell surface
receptors, and the intrinsic pathway, responding to intracellular stressors. A
cascade of intracellular proteins detect and amplify these signals, including the
BH3-only proteins, BAX, and BAK (Aitken et al., 2011; Reed, 2016). These
promote the release of cytochrome c and other pro-apoptotic factors from the
mitochondria, stimulating caspases.
Caspases are a family of cysteine proteases that have a central role in apoptosis.
Caspase-3 is an effector protein downstream of both the intrinsic and extrinsic
pathways, it is activated by caspase-9 and caspase-8, respectively (AndreuVieyra and Habibi, 2000). It is activated via proteolytic cleavage of its aspartate
residues to produce two subunits which then dimerise, resulting in the active
enzyme (Hengartner, 2000).
Cleaved caspase-3 acts as a central coordinator of the apoptotic process
(Lakhani et al., 2006). It activates proteins including Caspase-Activated DNase
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(CAD), causing DNA fragmentation. Cleaved caspase-3 is necessary for many
morphological changes occurring during normal apoptosis such as shrinkage and
blebbing (Janicke, 1998). However, oocytes in Caspase-3 knockout mice do
eventually apoptose, suggesting that other apoptotic pathways exist (Matikainen
et al., 2001).
Several methods have been used to measure apoptosis in ovarian follicles, and
cleaved caspase-3 immunohistochemistry has emerged as a favoured technique.
Histological assessment of nuclear and cellular morphology can be used for
tissues in vitro (Willingham, 1999). For fixed tissue sections, methods that label
DNA strand breaks such as TUNEL allow the cytological visualisation of exposed
DNA strand ends. However, these breaks in the DNA are also found in necrosis
and as such are not specific for apoptosis, and furthermore they may be
inaccessible without protease pre-treatment, which can itself influence results.
Evaluation of the tissue was carried out by the investigator and confirmed by an
individual assessor blind to the treatment groups (Dr. Lauren Heptinstall,
histopathology registrar, Royal Free London, NHS Foundation Trust). Active
cleaved caspase-3 (ASP175) is a marker of early events in cells undergoing
apoptosis. Follicles were counted in all slides and the percentage of follicles
demonstrating

positive

staining

was

recorded.

The

percentage

of

degenerated/dead follicles rather than the total number of follicles observed is
preferred as the number of follicles in various parts of the cortex of the same
ovary can vary considerably (Schmidt et al., 2003).
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A

B

Figure 2.8. Representative images of follicles demonstrating positive staining
for cleaved caspase-3. (A) Follicle denoting a faint positive stain. Scale Bar: 20
µm. (B) Follicle denoting a strong positive stain. Scale Bar: 20 µm.
2.7.1.2 von Willebrand Factor (vWF)
von Willebrand Factor (vWF) is a multifunctional glycoprotein which plays a
crucial role in primary haemostasis by mediating platelet adhesion and secondary
haemostasis, acting as a carrier for coagulation factor 8, necessary for the blood
coagulation cascade (Peyvandi et al., 2011; Randi and Laffan, 2017). vWF is
produced by endothelial cells and is a commonly accepted endothelial cell
marker for early stage vessels (Zanetta et al., 2000). Immunohistochemical
staining for vWF was therefore used to identify and quantify vessels in ovarian
tissue sections (Zanetta et al., 2000).
Slides were digitised using an Axio Scan.ZI (Zeiss, Germany). Digital images
were captured at x20 objective. Whole images were adjusted for intensity level,
contrast, and/or brightness. Quantification of vWF in blood vessels were
analysed using a customised software developed by Wimasis (Wimasis GmbH,
Munich, Germany). For each image the number of vessels and the tissue slice
area was determined in order to calculate the vessel density as a percentage
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(Figure 2.9). The software was validated using manual counting and calculations.
Manual analysis is subjective and at risk of individual bias and variability.
Application of an automated software assures impartial data collection.

Figure 2.9. Representative image of ovarian tissue stained with vWF. Vessels
detected by the Wimasis Image Analyser software are outlined in red. Follicles at
various developmental stages are also evident (arrows). Scale Bar: 100 µm.

2.8

TUNEL Assay

Using cleaved caspase-3 as a marker of apoptosis is preferable given it is able
to detect programmed cell death at its earliest stages (Newbold et al., 2014)
However, a Terminal deoxynucleotidyl transferase mediated dUTP nick end
labelling (TUNEL) assay, identifies cells undergoing DNA degradation during
late-stage apoptosis (Kyrylkova et al., 2012). Double staining for both cleaved
caspase-3 and TUNEL could be advantageous in ascertaining at which point in
the cell cycle programmed cell death is initiated during OTC-TP. Double staining
was only implemented when additional sections could be obtained from the tissue
samples.
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Paraffin-embedded sections were analysed for DNA fragmentation by way of
TUNEL labelling and carried out using the Roche kit (Roche: Sigma-Aldrich). This
was performed under the guidance of Dr. Mariya Histova from the IfWH Perinatal
Brain Repair Group, who is experienced with the TUNEL protocol.
Initially, the sections were deparaffinized in three 5-minute washes of xylene
followed by rehydration in single 5-minute washes of graded ethanol solutions
(100%, 90%, and 70%) followed by rinsing in dH20 prior to blocking the nonspecific peroxidase activity. Sections were then pre-treated for 15 minutes in 3%
hydrogen peroxide and subjected to a 15-minute peptidase pre-digestion with
20μg ml-1 of protease K (Promega) at 65 ̊C. Incubation for two hours at 37 ̊C with
TUNEL solution then followed. DNA fragmentation was visualised using Texas
Red- Avidin (Sigma-Aldrich).
Follicles were considered to be positive for TUNEL staining if the oocyte
and/or>50% of the granulosa cells were stained (Xiao et al., 2010). For each
section of tissue, cells were counted in five random fields at 40X magnification.
A mean was then established to determine the number of TUNEL positive follicles
(Hristova et al., 2016).
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Figure 2.10. Assessment of DNA fragmentation in ovarian tissue stained with
TUNEL. (A) TUNEL positive cells stained with Texas red- Avidin in granulosa
cells (arrows). (B) TUNEL positive cells stained with DAB in oocytes of follicles
(arrows). Bar = 5 µm.

2.9

Statistical Methods

Calculations were computed using STATA V 13.0 and presented using
GraphPad Prism 7.0. Dr. Tao Ding, Research Assistant in Medical Statistics at
the Department of Statistical Science, UCL, was consulted for advice on which
statistical tests were appropriate for the various data sets. A description of the
statistical analysis carried for each set of results will be described in each chapter.
In all statistical tests a p value of <0.05, was considered statistically significant
and p values of <0.01 were considered highly significant.
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Chapter 3
The use of Chorioallantoic Membrane (CAM) assays to
evaluate the effect of alginate and/or VEGF in bovine
ovarian tissue transplantation

3.1

Introduction

The chick embryo chorioallantoic membrane (CAM) is an extraembryonic
membrane which mediates the exchange of gases and nutrients through the
support of a dense capillary network (Ribatti, 2008; Yuan et al., 2014). The CAM
assay is an ideal model for xenograft experiments as the chick embryo does not
form a functional immune system until day 17 of development, mitigating the
chances of graft rejection (Moreno-Jiménez et al., 2016). Additionally, the highly
vascularised CAM allows for peripheral anastomosis between the transplanted
tissue and host vessels, re-establishing the blood supply and making it suitable
to study the initial stages of vascular formation and angiogenesis (Ribatti, 2016;
Tahergorabi and Khazaei, 2012).
The CAM assay serves as intermediate between in vitro and in vivo experimental
models, as although it is less controlled than in vitro culture, it is less expensive,
has a shorter experimental period, simpler application protocols and fewer ethical
concerns, than an in vivo model (Ribatti et al., 2000). Measurements and
comparisons of vascular growth and changes can be easily assessed by visual
vessel counting methods or automated procedures (Doukas et al., 2006; Staton
et al., 2004).
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Hurst et al., 1939, first studied the angiogenic processes transplanted tumour
tissue in a CAM model. Since then, the CAM experimental assay has been used
in a wide range of studies including; bone regeneration (Kunzi-Rapp et al., 1999),
liver regeneration (Katoh et al., 2001), glioma invasion (Hagedorn et al., 2005),
endometriosis development (Nap et al., 2004) and many other tissue and cell
types.

3.1.1

Application of the CAM in ovarian tissue research

Given it is a highly vascularised surface, the CAM assay has been performed by
various research groups to; study follicle activation in fetal ovarian tissue
(Cushman et al., 2002; Gigli et al., 2005), determine the effect of testosterone on
primary follicles in the ovarian cortex (Qureshi et al., 2008) and to compare the
effectiveness of the two cryopreservation methods of ovarian tissue (Vatanparast
et al., 2018). Martinez-Madrid et al., 2009, observed that the composition of the
extracellular matrix of the CAM is similar to that of mammalian peritoneal tissue.
This is a common site for human ovarian tissue grafting in both in vivo
xenotransplantation and clinical orthotopic autotransplantation (Dath et al.,
2010).
Consequently, the various distinguishing features of the CAM make it an
advantageous parallel to the more traditional in vivo animal models for studying
angiogenesis. Using it to evaluate ovarian tissue neovascularisation has been
validated by previous studies using human ovarian tissue (Isachenko et al., 2012;
Martinez-Madrid et al., 2009).
At the time this experiment was designed, other than human ovarian tissue, only
fetal ovarian tissue from animals had been successfully cultured in CAM assays
(Cushman et al., 2002; Gigli et al., 2005). Fetal ovarian tissue is rich in primordial
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follicles and increases the likelihood of a successful transplantation of ovarian
tissues to the CAM assay. Moreover, pubescent ovarian tissue, with considerable
variation in follicle distribution and stage of development, aligns more closely to
ovarian tissue likely to be used in a clinical setting.
As a consequence, grafting adult bovine ovaries to the CAM was intentionally
incorporated into the study design despite the risk that fewer follicles would be
present for evaluation. This was also considered to be a novel aspect of the
experiment as the time the work was carried out, there were no published reports
using pubescent animal ovarian tissue in a CAM assay.
However, very recently results from Beck et al., 2018 revealed success of short
term culture of adult bovine ovarian tissue in the CAM assay when compared to
more traditional in vivo culture systems. Nonetheless, to our knowledge this is
the first time the CAM assay has been used to evaluate angiogenesis following
pre- treatment and cryopreservation of ovarian tissue.

3.1.2

Aims

The CAM assay is less expensive and has a shorter experimental period than
other in vivo models. Accordingly, it is an ideal assay for large scale screening
and was used a preliminary model to determine if the pre-treatment of ovarian
grafts with alginate and/or exogenous VEGF, improve vascularisation in OTCTP. The findings from this can will then be validated in an in vivo mouse model
or used to modify the design of subsequent experiments.
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3.2

Materials and Methods

3.2.1

Experimental design

To assess and compare the effects of alginate and/or VEGF on vascularisation
and follicular survival following short term grafting of cryopreserved ovarian
tissue, biopsies were randomly assigned to one of six experimental groups
(Figure 3.1).
These groups were subjected to the following treatments:
1. cryopreserved and thawed
2. encapsulated in alginate prior to cryopreservation and thawing
3. cryopreserved, thawed and cultured for 24 hours without VEGF (CM/VEGF-)
4. tissue cryopreserved, thawed and cultured for 24 hours with VEGF
(CM/VEGF+)
5. encapsulated in alginate prior to cryopreservation-thawing and cultured for
24 hours without VEGF (Alg + CM/VEGF-)
6. encapsulated in alginate prior to cryopreservation- thawing and cultured for
24 hours with VEGF (Alg + CM/VEGF+)
Logistical limitations did not allow for a fresh piece of tissue to be used in this
assay. Consequently, frozen-thawed tissue served as the control. This was not
detrimental to the study design as in current clinical practice it is predominantly
frozen-thawed tissue that is transplanted. Pieces of inert plastic, which was not
expected to promote angiogenesis, was used as a negative control.
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Figure 3.1. A schematic depiction of the experimental design for grafting ovarian tissue to the CAM assay.

88

Chapter 3

3.2.2

Bovine tissue collection and processing

This method has been described in section 2.3.2 of chapter 2.

3.2.3

Alginate encapsulation

This method has been described in section 2.5 of chapter 2.

3.2.4

Cryopreservation and thawing of bovine Tissue

This method has been described in section 2.4 of chapter 2.

3.2.5

Culturing of bovine tissue

The culturing protocol is described in detail by Langbeen et al. 2016. Their work
explored using VEGF to pre-treat fetal bovine tissue as trigger of angiogenesis
in an attempt to improve post graft survival.
To summarise the cortical pieces of ovarian tissue were incubated with 500 µl of
medium in 6- well culture plates for 24 hours at 38oC and 5% CO2. The control
medium (CM/VEGF-) incorporated MEM + glutamine (Life Technologies)
supplemented with Penicillin-Streptomycin (100 ng/ml, Life Technologies), a
mixture of Insulin, Transferrin and Selenium (ITS, 0.01 µg/ml, 0.55 µg/ml and 6.7
ng/ml respectively, Sigma-Aldrich), BSA (1.25 mg/ml, Sigma-Aldrich) and follicle
stimulating hormone (FSH, 50 ng/ml, Sigma- Aldrich). The experimental medium
(CM/VEGF+) included 5 ng/ml of VEGF (Abcam).

3.2.6

The CAM Assay and grafting procedure

Grafting of ovarian tissue samples onto the CAM was conducted at UCL’s
Institute for Child’s Health in collaboration with Dr. Alan Burns and his PhD
student Benjamin Jevans. The protocols described below were developed and
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optimised by their research group for studies on gut disorders (Metzger et al.,
2009).
The CAM undergoes rapid morphological changes, making it difficult to
distinguish between newly formed and already existing vessels which become
embedded on the transplanted tissue (Tahergorabi and Khazaei, 2012). To better
differentiate between the avian blood vessel ingrowth and the existing ovarian
tissue vessels from the grafts, the study was designed using transgenic green
fluorescent protein (GFP) chick eggs.
It has become increasingly favoured to utilise transgenic chickens to detect cell
lines as the chick gains traction as a useful model for tracing embryonic
development (Brown et al., 1996; Chapman et al., 2005). Proteins, such as GFP
can be incorporated into the cell lines of chickens through the use of lentiviral
vectors which cause the cells that express the GFP to fluoresce when exposed
to ultraviolet light.
Fertilised, GFP transgenic chicken eggs were obtained from the Helen Sang Lab
at The Roslin Institute, University of Edinburgh (McGrew et al., 2004). GFP
expression in nucleated peripheral blood cells had been described (Swenson et
al., 2007). However, in our experiment there was no infiltration of the fluorescent
protein found in the vessels of the eggs assayed. After conferring with The Roslin
Institute it was concluded that it was the particular batch of eggs which was
causing the lack of GFP expression. The successful production of transgenic
chickens is still an emerging field, and even the development of the more
established transgenic mouse model does not produce ubiquitous expression of
GFP.
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The collaborative nature of performing the assays precluded an additional
attempt with a new batch of fertilised transgenic chick eggs. Grafting of ovarian
tissue to the CAM was continued despite being unable to measure the
fluorescence in the blood vessels.
To prepare the CAM for culturing with ovarian tissue the eggs were incubated at
37°C in a temperature-controlled brooder with a humidified atmosphere. After
three days, a window in the eggshell was created and 2 ml of albumen aspirated
from the egg with a syringe under aseptic conditions. The window was sealed
with adhesive tape and incubated for a further five days. At day eight of chick
embryo development ovarian tissue grafts were prepared with the previously
described treatments. The tissue was cut down to ~1-2 mm2 and placed between
branches of existing blood vessels on the CAM (Figure 3.2A). Following graft
placement, the window was once again resealed, and the eggs returned to the
incubator for a further six days. At 14 days post fertilisation the grafts from the
CAM assays (n=165) were photographed in ovo with a stereomicroscope
equipped with a camera system (Leica Biosystems) to quantify the blood vessels
surrounding the grafts (Figure 3.2C). The ovarian tissue and surrounding CAM
were harvested from each egg and fixed with 10% neutral buffered formalin for
histological and immunohistochemical staining.
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Figure 3.2. Representative images of ovarian tissue grafted onto the CAM
assay. (A) Image of an ovarian tissue graft (arrow) placed on the CAM between
branches of existing blood vessels. (B) In ovo image of an ovarian graft visualised
under ultra violet light on the stereomicroscope. Avian blood vessels show a lack
of GFP expression (white arrows). (C) In ovo image of a healthy tissue graft at
six days post transplantation. The tissue is embedded onto the CAM and show
evidence of neovascularisation (arrows). (D) In ovo image of ovarian tissue
embedded onto the CAM, the graft is partially fibrotic (outlined) and there is no
evidence of neovascularisation. Bar = 1 mm.
3.2.7

Assessment of vascularisation of the tissue in ovo

To evaluate the growth and architecture of the vasculature generated in the CAM,
bright field microscopy images were uploaded to the WimCAM Image Analyser
software (Wimasis GmbH, Munich, Germany, Figure 3.3). Vessel counting in
acquired images of the experimental field is the standard assessment method for
quantifying angiogenesis in CAM assays (Blacher et al., 2011). The WimCam
software quantified of the vasculature in an objective and reproducible way using
input from each image acquired using bright field microscopy to calculate the
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vessel density (VD) in the membrane. The VD was calculated by dividing the
number of pixels in the vessels by the total number of pixels in the region of
interest.

Figure 3.3. Representative image of analysis for VD quantification by the
WimCam software. Blue lines are representative of the number of pixels
belonging to the blood vessels and the red lines represent the total number of
pixels within the image. The red box is the ROI used for analysis. VD (%) =
number of pixels in the vessels /total number of pixels of the ROI Bar = 1mm.
3.2.8

Histopathology and immunohistochemistry

Surviving grafts from the CAM assays were fixed in 10% neutral buffered formalin
(CellPath, UK), embedded in paraffin and cut into 5 µm serial sections for H&E
staining and IHC at a later stage. Blood vessels in the grafts were identified using
von Willebrand factor (1:200 dilution: Agilent Technologies/Dako). IHC staining
to identify follicle apoptosis in the grafted tissue was done using Cleaved caspase
3 (1:300 dilution: Cell Signalling Technologies). Details of these protocols can be
found in section 2.6 and 2.7 of chapter 2.
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3.2.9

Data presentation and analysis

All values in the text, tables and figures are expressed as mean ± SD, unless
otherwise stated. Significance was determined by performing one- way or twoway analysis of variance (ANOVA) with Bonferroni correction for multiple
comparison post-tests (for comparisons across more than two groups), twotailed unpaired Student t tests (for parametric data, where comparing data
between two groups) or Mann–Whitney tests (for nonparametric data, where
comparing data between two groups). For data expressed as proportion,
statistical differences were determined using a Pearson’s Chi squared test. A p
value of <0.05 was considered statistically significant and denoted in images by
‘*’.

3.3

Results

3.3.1

Chick embryo survival

Overall 165 CAM assays were generated with an equal number of ovarian grafts
from all treatment groups (Table 3.1). The survival rate of the chick eggs was
62.4% (103/165). Chick embryo death was determined by a matte appearance
of the CAM and yolk sac. As a result of a considerable number of egg deaths, in
in conjunction with a number of grafts degenerating throughout the culturing
process, there was disparity in number of explants available for analysis from
each treatment group. The variation in the n number is likely to have skewed the
data and affected the probability of generating significant results.
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Table 3.1. Summary of the CAM assays generated and the total number of
eggs remaining from which ovarian tissue was available for analysis.

Total number of
CAMs generated

Total number of
CAMs remaining
following culture

Frozen-Thawed

27

21

Alg + Frozen-Thawed

27

19

Alg +CM/VEGF-

27

14

CM/VEGF-

27

16

Alg +CM/VEGF+

27

17

CM/VEGF+

27

13

Negative control

3

3

165

103

Treatment

Total

3.3.2

The effect of the treatments on follicle density and stage of
development

Ovarian follicles were identified in 75% (77/103) of retrieved explants. Although
some explants did not contain follicles, it should be noted that the absence of
follicles in some pieces of tissue is not indicative of follicle death or regression.
Rather, it is highly likely that some of the grafted fragments did not contain
follicles prior to grafting, as not only were the biopsies cut into very small pieces
(~1 mm2), there is also a known variation in follicle distribution across the cortex
(Schmidt et al., 2003).
Analysis of this data demonstrated a significant difference in overall follicle
density (follicles/mm2) across all treatment groups (F (5,101) = 3.09, p=0.012).
Multiple comparisons between the follicle density of all treatment groups revealed
tissue pre- treated with alginate prior to freeze-thawing (p=0.018), and tissue
cultured with VEGF (CM/VEGF+; p=0.016) resulted in significantly greater follicle
density.
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Serial histological analysis revealed a total of 934 follicles in all explants at all
stages of development. Across all the treatment groups the majority of follicles
were found to be at the primordial stage of development, with only 6% of follicles
identified as primary follicles (p<0.001). There were no follicles identified beyond
the primary stage of development. Follicle densities across all treatment groups
and stage of follicle development are summarised in Table 3.2 and Figure 3.4.

96

Chapter 3

Table 3.2. Summary of follicle density and developmental stage of follicles across all six treatment groups. Data is presented as
average (± standard deviation), range (min – max) and 95% CI (lower-upper).

Treatment
groups

Mean

Primordial Follicle Density
Range
SD
(min95% CI
max)

Mean

Primary Follicle Density
Range
SD
(min95% CI
max)

Mean

Total Follicle Density
Range.
SD
(min95% CI
max)

Frozen-Thawed

2.84

3.48

0-18.06

1.59-4.10

0.09

0.29

0-1.39

(-0.02-0.19)

2.93

3.59

Alg + FrozenThawed

4.53

4.27

0-13.19

2.59-6.48

0.20

0.45

0-1.39

(-0.01-.40)

9.81

9.15

Alg +CM/VEGF-

13.08

25.12

0-70.83

(-2.88-29.04)

1.00

1.95

0-6

(-0.24-2.24)

14.06

27.13

0-77.08

(-3.17-31.3)

CM/VEGF-

12.60

10.56

0-29.86

6.50-18.70

0.89

1.23

0-3.47

(0.18-1.60)

12.60

10.56

0-29.86

6.50- 18.70

Alg +CM/VEGF+

3.92

8.40

0-31.94

(-0.93-8.77)

4.02

8.36

0-31.9

(-0.81-8.85)

4.02

8.36

0-31.9

(-0.81-8.85)

CM/VEGF+

8.22

16.89

0-54.44

(-3.86-20.31)

0.49

0.81

0-2.22

(-0.13-1.11)

12.60

10.56

0-29.86

6.50-18.70
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Figure 3.4. The effect of pre-grafting treatment on follicle density. Data was standardised by calculating follicle density by evaluating the
number of follicles (n = 934) per square millimetre of ovarian tissue. (A) The effect of tissue treatment on total follicle density. (B) The effect
of tissue treatment on primordial follicle density. (C) The effect of tissue treatment on primary follicle density. P< 0.05, **p<0.01, ***p<0.001;
*

50

B.

40

30

*

**

15

***

f follicles/mm2

f follicles/mm2

Mann-Whitney test. *

C.

50

40

30

98

*

f follicles/mm2

A.

10

Chapter 3

3.3.3

The effect of treatments on follicle apoptosis

A total of 567 follicles were counted and scored across all grafts evaluated for
apoptosis. Follicles were scored and evaluated using the methods described in
section 2.7.1.1 of chapter 2. Overall the proportion of follicles demonstrating
positive staining for cleaved caspase-3 was 24% (138/567). The proportion of
apoptotic follicles was greatest (43%) in tissue which had been frozen thawed.
Contrastingly, encapsulation in alginate prior to freeze-thawing resulted in a
reduced proportion of apoptotic follicles than grafts from other treatment groups.
The difference between the proportion of follicles which were positive for cleaved
caspase-3 and negative for cleaved caspase-3 was significant across all groups
(p<0.001).
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Figure 3.5. The effect pre-grafting treatment on follicular apoptosis in grafts
retrieved from the CAM assays. Data is expressed as a percentage of the total
number of follicles positive for cleaved caspase-3/total number of follicles scored
(n = 567). Proportion of which were negative for cleaved caspase-3 (grey)
compared to the proportion of follicles which were positive for cleaved caspase3 (black). ***p<0.001; Pearson Chi square test.
3.3.4

The effect of treatments on in ovo vessel density

A total of 100 CAM assays were analysed and mean vessel density (%) across
the graft was calculated using the WimCAM software. The mean vessel densities
across all treatment groups was shown to be statistically significant (F (5,97) =
5.36, p<0.001). When compared with the frozen-thawed controls the vessel
density was greatest in the tissue which was cultured with VEGF both when
alginate was used prior to freezing (35.50± 6.81%, p<0.001) and when alginate
was excluded (33.66 ± 8.43%, p=0.02).
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Table 3.3. Summary of the in ovo vessel density in grafts retrieved from the
CAM assays. Data is presented as average (± standard deviation), range (min –
max) and 95% CI (lower-upper).
Vessel Density %
Treatment groups

95% CI

Total
number of
tissue grafts
(n)

Mean

SD

Range
(min-max)

Frozen-Thawed

24.22

7.32

13.00-40.00

21.58-26.86

19

Alg + Frozen-Thawed

27.73

9.72

12.80-45.20

23.30-32.15

21

Alg +CM/VEGF-

27.40

6.51

20.30-38.20

23.22-31.49

14

CM/VEGF-

27.05

5.99

15.50-28.20

23.59-30-51

16

Alg +CM/VEGF+

35.50

6.81

27.10-41.10

31.57-39.43

17

CM/VEGF+

33.66

8.43

23.90-45.30

27.63-39.69

13
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Figure 3.6. The effect of pre-grafting treatment on in ovo vessel density in
surviving CAM assays. Data was standardised by calculating vessel density and
is expressed as a percentage of the total number of vessels. Data is presented
as the mean ± SD. *P<0.05, ***p<0.001 indicates statistical significance between
treatment groups; one-way ANOVA, Bonferroni multiple comparisons test.
3.3.5

The effect of treatments on ovarian tissue vessel density

To compare vessel density in the ovarian tissue across all treatment groups,
sections from each of the grafts were stained with vWF and evaluated using the
methods described in section 2.7.1.2 of chapter 2. However, there was no
significant difference observed in the vessel density between the treatment
groups (p>0.05).
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Table 3.4. Summary of the vessel density in grafts retrieved from the CAM
assays. Data is presented as average (± standard deviation), range (min – max)
and 95% CI (lower-upper). P>0.05 indicating no statistical difference between the
treatment groups.
Vessel Density %
Treatment groups

95% CI

Total number of
tissue grafts (n)

0.65

Range
(min-max)
0.63-3.27

1.11-1.69

19

1.25

0.69

0.22-2.88

0.92-1.58

21

Alg +CM/VEGF-

1.39

1.46

0.10-4.66

0.17-2.60

14

CM/VEGF-

1.50

2.08

0.01-5.4

(0.25-3.24)

16

Alg +CM/VEGF+

1.01

0.99

0.03-3.24

0.30-1.71

17

CM/VEGF+

1.49

1.15

0.38-2.77

0.07-2.92

13

Mean

SD
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1.40

Alg + Frozen-Thawed

Vessel Density (%)

6

4

2

A

lg

Fr
o
+ zen
Fr
oz -Th
A en- awe
lg
T
+C ha d
M we
/V d
EG
C
A
M
lg
/ F+C VE
M GF
/V C EG
M
/V F+
EG
F+

0

Tissue treatment
Figure 3.7. The effect of pre-grafting treatment on vessel density in grafts
retrieved from the CAM assays. Data was standardised by calculating vessel
density and is expressed as a percentage of the total number of vessels. Data is
presented as the mean ± SD. P>0.05, indicating no statistical significance
between treatment groups; Mann-Whitney test.
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3.4

Discussion

Previous studies have shown the CAM structure to be similar to the peritoneum,
providing a microenvironment likened to an in vivo model (Martinez-Madrid et al.,
2009). As the chick chorioallantoic membrane is naturally immunodeficient and
the embryonic neural and immune systems are not yet developed in the first half
of chick development the CAM system can be used successfully for
xenotransplantation of different cell and tissue types without risk of rejection.
The CAM assay has been used to evaluate the effects of transplantation on
follicle quality in mouse and bovine ovaries (Cushman et al., 2002; Gigli et al.,
2005) and to compare slow freezing and vitrification of ovaries in the sheep
(Vatanparast et al., 2018). The CAM model has also been used to study
angiogenic processes in; tumours (Tufan and Satiroglu-Tufan, 2005),
endometrial tissues (Nap et al., 2004), liver (Katoh et al., 2001) and skeletal
muscle tissue (Nakada et al. 1998). It is an ideal model to study angiogenesis as
tissue grafted to CAM is quickly revascularized and can be easily quantified
(Martinez-Madrid et al., 2009).
As such, the primary objective of this study was to determine if the pre-treatment
of ovarian grafts with alginate and/or exogenous VEGF, would improve post
transplantation outcomes in OTC-TP. We hypothesised that the encapsulation of
ovarian tissue in alginate prior to cryopreservation would reduce cryoinjury to the
tissue and that exogenous VEGF would improve vascularisation of the graft and
be advantageous for follicle survival and development.
In this study most of the identified follicles were primoradial. Very few growing or
antral follicles were observed. This finding is consistent with results reported in
the literature which suggests that while the CAM assay is useful for the short term
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study of transplanted ovarian tissue (Martinez-Madrid et al. 2009) it is unable to
facilitate follicle activation and development (Cushman et al., 2002; Gigli et al.,
2005). This is thought to be as result of lower nutrient and oxygen levels available
to the grafted tissue than in a more traditional in vivo mouse model. Moreover,
Anti-Mullerian hormone secreted by the chick gonads is thought to interfere with
folliculogenesis, given it plays an inhibitory role on follicle activation (Durlinger et
al., 2002; Gruijters et al., 2003).
The results of this study seem to demonstrate that encapsulation in alginate and
a 24-hour incubation period VEGF, improves short term follicle survival rate. All
grafts pre-treated showed increased follicle density and reduced apoptosis when
compared to frozen-thawed tissue. However, these results were not significant.
The large number of eggs lost through the death of the chick embryos during
culture is thought to be the main reason for the lack of significance, as most of
the eggs which survived incubation were from untreated frozen-thawed group.
Improving the blood supply to the grafted ovarian tissue is crucial for the
maintenance and development of the follicular pool (Weissman et al., 1999). Coculturing the tissue with VEGF increases in ovo vessel density, which
subsequently lead to synchronous reduced follicle apoptosis.
Although co-culture with VEGF was beneficial to the vascular ingrowth of chick
blood vessels, it had little effect on the graft’s own vascular density as the
expression of vWF, was not significantly different across the treatment groups.
Previous studies have shown vWF to be an effective antibody for quantifying and
assessing vascularisation in ovarian tissue grafts (Langbeen et al., 2016; Van
Eyck et al., 2010). However, the level of expression of antigenic factors such as

105

Chapter 3

vWF is usually correlated to the size of the vessel (Kumar et al., 1987).Moreover,
as the tissue was only exposed to VEGF for 24 hours in culture, it is possible that
the duration or method of exposure only effected the initial blood vessel network,
primarily constructed of small capillaries (Kawanami et al., 2000). Other vascular
endothelial markers such as Ki-67 (Labied et al., 2013), CD31 (Henry et al., 2015)
or desmin (Isachenko et al., 2012) more effective for early stage vessel
quantification, should be considered.

3.4.1

Summary

These results suggest that the CAM assay is a useful tool to study the short-term
effects of transplantation. The findings also suggest that alginate encapsulation
prior to freeze- thawing reduces post grafting follicle apoptosis regardless of
VEGF exposure.

Contrastingly, VEGF was not as effective in improving

vascularisation post transplantation. Therefore, further work to refine the way
VEGF is delivered to the tissue and the optimal concentration required to be
effective is required.
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Chapter 4
Optimising VEGF concentration and delivery methods
to enhance ovarian tissue vascularisation

4.1

Introduction

Angiogenesis is the formation of new blood vessels involving the dynamic
interaction between endothelial cells (ECs) and their extracellular environment
(Martelli et al., 2017). This complex process can occur as a result of either
sprouting angiogenesis whereby vascular ECs sprout from pre-existing
capillaries into the surrounding tissues or non-sprouting angiogenesis whereby
capillary walls invaginate the vascular lumen forming intraluminal tissue pillars
dividing the capillary into two or more daughter vessels (De Spiegelaere et al.,
2012; Ucuzian et al., 2010).
Vascular endothelial growth factor (VEGF) is one of the most widely studied
angiogenic growth factors. It is a 46-kDA dimeric glycoprotein (Ferrara, 1999). A
known mitogen, VEGF is involved in EC migration and proliferation during
angiogenesis (Kaczmarek et al., 2005). VEGF exists in a number of isoforms
which bind to and activate VEGF tyrosine kinase receptors collared on the cell
surface of these specialised ECs (Geva and Jaffe, 2000).
Within the ovaries angiogenesis is a tightly regulated process between various
vasoactive and angiogenic factors (Robinson et al., 2009). VEGF also plays an
active role in regulating mammalian folliculogenesis (Araújo et al., 2013). Soker
et al. 2002 suggests there is a direct correlation between VEGF expression, the
extent of angiogenesis and the development of mature follicles as the vascular
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supply is formed cyclically, relying heavily on gonadotropin stimulation (Geva and
Jaffe, 2000).
Following avascular transplantation, ovarian tissue is heavily dependent on the
initiation of angiogenesis so that ovarian cells are able to obtain oxygen, nutrients
and substances required for hormone synthesises crucial to maintaining ovarian
functions (Kaczmarek et al., 2005; Martelli et al., 2017). In the time it takes for
the new blood vessels to form and the blood supply to re-establish the ovarian
follicles are at risk of permanent damage (Kang et al., 2017).
Consequently, proangiogenic growth factors such as VEGF are used to exhibit a
cellular response and induce angiogenesis (Ennett et al., 2006). VEGF has a
limited half-life of less than two hours (Lazarous et al., 1996) and therefore in
order to elicit a response a constant supply of the soluble signal is required.
Current clinical methods of growth factor administration typically involve high
concentrations of repeated bolus injections to enable VEGF to be incorporated
into the systemic circulation (Jin et al., 2015).
However, there has been limited clinical success using non targeted
administration of VEGF as it’s potent mitogenic nature of VEGF can induce a
potentially toxic response (Ennett et al., 2006; Jay and Saltzman, 2009). In
oncological conditions angiogenesis has been associated with tumour growth
and therefore for therapeutic purposes such as avascular ovarian tissue
transplantation, sustained and localised delivery of VEGF is crucial.
Incorporation of VEGF in culture medium or bioengineered scaffolds have been
explored as alternative vehicles for growth factor delivery in ovarian tissue
transplantation (Henry et al., 2015; Li et al., 2016; Shikanov et al., 2011)
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4.1.1

In vitro culture supplemented with VEGF

In vitro culture supplemented with VEGF allows for the uptake of the growth factor
by cells and tissues. It has been clinically successful in improving angiogenesis
and vessel growth following hepatocyte and liver graft transplantations (Bockhorn
et al., 2007; Kedem et al., 2005). In the context of ovarian tissue, in vitro culture
with VEGF has demonstrated improved follicle activation and survival (Asadi et
al., 2017; Langbeen et al., 2016; Smitz et al., 2010). However, there are no
reports on the use of VEGF supplementation in culture as a means to improve
angiogenesis post transplantation in pubescent ovaries.
In vitro culture supplemented with VEGF allows for the uptake of the growth factor
by cells and tissues. Incorporation of VEGF in culture medium or bioengineered
scaffolds have been explored as alternative vehicles for growth factor delivery in
ovarian tissue transplantation (Henry et al., 2015; Li et al., 2016; Shikanov et al.,
2011). The literature shows that in vitro culture of ovarian tissue supplemented
with VEGF is able to improve follicle activation and survival (Asadi et al., 2017;
Langbeen et al., 2016; Smitz et al., 2010). However, there has been no
assessment of the effect of VEGF supplementation in culture on the tissue
vasculature and angiogenic potential.

4.1.2

The use of a bioengineered alginate scaffold for sustained
delivery of VEGF

Encapsulation of VEGF in a polymer matrix such as alginate not only protects the
growth factor from possible enzymatic breakdown in vivo but enables targeted
delivery of VEGF at a controllable rate (Gu et al., 2004). Alginate has been used
a growth factor delivery to enhance angiogenesis and induce the growth of new
vasculature in ischemic hindlimbs (Anderson et al., 2017), cardiovascular
disorders (Campbell et al., 2017; Silva and Mooney, 2007) and to promote
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ovarian graft survival (Henry et al., 2015; Shikanov et al., 2011). Furthermore, as
discussed in chapter one alginate is also a cryoprotective hydrogel in which
follicles are able to successfully grow and mature (West et al., 2007).

4.1.3

Aim

The aim of this chapter was initially to determine if simple tissue culture
supplemented with VEGF improves graft angiogenesis and follicle survival. The
second aim was to evaluate the use of alginate hydrogel as a scaffold to deliver
VEGF and promote local angiogenesis. The optimal concentrations for both
delivery methods of VEGF will also be determined.

110

Chapter 4

4.2

Methods

4.2.1

Experimental design

Two experiments were carried out to determine the aims outlined above. A
schematic depiction of the study design is illustrated in Figure 4.1, and Figure 4.2
EXPERIMENT ONE
BOVINE OVARY (N)

FROZEN
THAWED TISSUE

FRESH TISSUE

CULTURED
WITH 5NG/ML
VEGF

CULTURED
WITH 10NG/ML
VEGF

CULTURED
WITH 15NG/ML
VEGF

FOLLICLE
AND VESSEL
DENSITY
ANALYSIS

PROTEIN
QUANTIFICATION

Figure 4.1. Schematic depiction of experiment one. Ovarian cortical tissue was
isolated and cut into 5 x 5 mm pieces. The tissue was randomly allocated into a
control or treated group. Treatment included culturing of ovarian tissue with three
concentrations of VEGF (5 ng/ml, 10 ng/ml and 15 ng/ml).
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Figure 4.2. Schematic depiction of experiment two. Alginate beads
supplemented with four different concentrations of VEGF were incubated with
PBS. Protein concentration released from the beads were quantified.
4.2.2

Bovine tissue collection and processing

These methods have been described in section 2.3.2 of chapter 2.

4.2.3

Cryopreservation and thawing process

These methods have been described in 2.4 of chapter 2.

4.2.4

Tissue culturing of ovarian tissue

This method was described in section 3.2.5 of chapter 3. A few minor adjustments
were made for this particular experiment. The medium was supplemented with 3
concentrations of VEGF (5 ng/ml, 10 ng/ml or 15 ng/ml). The thawed ovarian
tissue pieces were cultured for 72 hours. The media was changed every 24
hours.

4.2.5

Histology and immunohistochemistry

Blood vessels in the grafts were identified using von Willebrandt factor (1:200
dilution: Agilent Technologies/Dako). IHC to identify VEGF localisation in the
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cultured tissue was done using an anti-VEGF primary antibody (1:250 dilution:
Santa Cruz, 7269). These methods have been described in section 2.6 and 2.7
of chapter 2.

4.2.6

Experiment one: Molecular analysis of cultured ovarian tissue
using Western Blots

4.2.6.1 Homogenisation
The tissue samples for molecular analysis were snap frozen in LN2 and stored at
-80°C. Prior to homogenisation the samples were thawed on ice. A mixture of
300 μl radioimmunoprecipitation assay lysis buffer (10X) (0.5M tris-hydrochloric
acid, 1.5 M sodium chloride, 2.5% deoxycholic acid, 10% NP-40, 10 mM
ethylenediaminetetraacetic acid, pH 7.4) (Merck, Germany) and 3 μl protease
inhibitor cocktail (Sigma-Aldrich) was added to each sample. The tissue samples
were homogenised using the Omni Tissue Master 125 and supernatant removed.
Samples were centrifuged twice using the HettichÒ MIKRO 200R centrifuge for
10 min at 4°C. At each interval the supernatant was transferred into a fresh tube
and the pellet was discarded. The homogenate was snap frozen in LN2 and
stored in the freezer at -80°C until required.
4.2.6.2 Protein assay
The protein concentrations in each sample were analysed using Pierce®
bicinchoninic acid Protein Assay Kit (ThermoFisher Scientific) following
manufacturer’s instructions. The standard curve was made using BSA protein
standards of the following concentrations: 0, 25, 125, 250, 500, 1000, 2000 μg/ml.
The unknown protein samples and protein standards were added to a 96 well
plate. Working reagent, A and B were added to each well (50:1, Reagent A:B).
The plate was incubated at 37°C for 30 min. The absorbance was measured at
562 nm using FLUOstar Omega microplate reader.
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4.2.6.3 NuPAGE/Western Blotting
Samples were made up using Laemmli Sample Buffer (2X) (Bio-Rad) according
to their protein quantities. Before loading the samples were denatured in a water
bath at 90°C for 10 min and vortexed. 7μl Precision Plus Proteinä Kaleidoscopeä
standard ladder (Bio-Rad) was used. 10 μl samples were loaded into wells of 420% Mini-ProteanÒ TGXÔ Gel (Bio-Rad) immersed in 10X Tris-Glycine/SDS
(TGS) running buffer (Bio-Rad). Gel electrophoresis was performed at 170 V for
90 min. Protein transfer onto nitrocellulose membrane (Bio-Rad) was carried out
in the presence of 10X Tris-Glycine transfer buffer containing 10% methanol
(Fisher Scientific) according to Trans-BlotÒ SD semi-dry transfer cell instructions
at 15 V for 60 min. The membranes were stained with Ponceau S (Sigma-Aldrich)
for 5 min prior to treatment to ensure sufficient transfer of proteins. Membranes
were blocked with 5% non-fat dry milk diluted in 0.1% tris-buffered saline (TBS)
Tween-20 (TBST) (Sigma-Aldrich) for one hour at room temperature and then
incubated overnight at 4°C with 1:1,000 anti-VEGF 164 primary antibody (Abcam,
ab53465) and 1:1,000 anti-beta tubulin primary antibody (Abcam, ab179513)
diluted in 5% non-fat dry milk (Abcam, ab53465). The membranes were washed
with 0.1% TBST 3 x 10 min. The membranes were then incubated with 1:10,000
HRP-conjugated goat anti-rabbit diluted in 5% non-fat dry milk (Abcam, ab6721)
for one hour at room temperature. The membranes were washed with TBST 4 x
10 min and then washed with TBS 2 x 10 min. Proteins were detected using
Enhanced ChemiluminescenceÔ (ECL) blotting reagents (Sigma-Aldrich).
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4.2.7

Experiment Two: Molecular Analysis of VEGF released from
Alginate beads using an Enzyme Linked Immunosorbent Assay
(ELISA)

4.2.7.1 Incorporation of VEGF into alginate hydrogels
Alginate solution was made as described in section 2.5 of chapter 2. A 1% w/v
solution was supplemented with four concentrations of VEGF (Abcam, 1 ng/ml,
5 ng/ml, 10 ng/ml and 15 ng/ml). Beads were formed by dropping solution into
0.1M of the CaCl2 polybuffer for five minutes.
4.2.7.2 Protein release
For release profiles 0.2 g of VEGF loaded alginate beads at each concentration
were placed in a 24-well plate (0.2 g of beads per well), suspended in 1 ml of
PBS (Freeman and Cohen, 2009) and incubated at 37oc to approximate body
temperature. Every 24 hours for seven consecutive days the release supernatant
solutions were collected and snap frozen in LN2. They supernatants were stored
at -80oC until all the samples were ready to be analysed for VEGF content.
B

A

Figure 4.3. Representative images of alginate bead supplemented with VEGF.
(A) The size of each individual polymerised bead. (B) Volume of 0.20 g of
polymerised beads.
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4.2.7.3 Protein quantification
VEGF expression of the released supernatant from each well was quantified
using a human VEGF ELISA kit (Proteintech, KE00085), according to the
manufacturer’s

instructions.

Results

were

normalized

to

the

protein

concentrations of the corresponding standards.
The assay employs an antibody specific for Human VEGF coated on a 96-well
plate. Standards and samples are pipetted into the wells and VEGF present in a
sample is bound to the wells by the immobilized antibody. The wells are washed
and biotinylated anti-Human VEGF antibody is added. After washing away
unbound biotinylated antibody, horse radish peroxidase (HRP) conjugated
streptavidin is pipetted to the wells. The wells are again washed, a
tetramethylbenzidine (TMB) substrate solution is added to the wells and colour
develops in proportion to the amount of VEGF bound (Figure 4.4). The Stop
Solution changes the colour from blue to yellow, and the intensity of the colour is
measured at 450 nm using an ELISA microplate reader (Infinite® M Nano,
TECAN). A four-parameter logistic curve (4-PL) was used to analyse the data as
per manufacturer’s instructions.

Figure 4.4. Schematic depiction of the ELISA assay (Abcam 2018).
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4.2.8

Data presentation and analysis

All values in the text, tables and figures are expressed as mean ± SD, unless
otherwise stated. Significance was determined by performing one- way or twoway analysis of variance (ANOVA) with Bonferroni correction for multiple
comparison post-tests (for comparisons across more than two groups), two-tailed
unpaired Student t tests (for parametric data, where comparing data between two
groups) or Mann–Whitney tests (for nonparametric data, where comparing data
between two groups). For data expressed as proportion, statistical differences
were determined using a Pearson’s Chi squared test. A p value of <0.05 was
considered statistically significant and denoted in images by ‘*’.

4.3

Results

4.3.1

Experiment one: Molecular analysis of cultured ovarian tissue
using Western Blots

4.3.1.1 Effect of cryopreservation and VEGF in tissue culture treatment
on follicle density and distribution
A total of 4904 follicles were identified and counted across all grafts. Neither
cryopreservation nor culturing the tissue with VEGF significantly influenced the
follicle density of the ovarian tissue samples. A summary of follicle density across
all treatment groups are shown in Table 4.1;(F (7, 13) = 0.934, p>0.05).
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Table 4.1. Summary of overall follicle density in ovarian tissue cultured with
5ng/ml, 10ng/ml and 15ng/ml of VEGF. Data is presented as average (± standard
deviation), range (min – max) and 95% CI (lower-upper).
Total follicle density (follicles/mm2)
Treatment

Mean

SD

Range
(min-max)

95% CI

Fresh

3.61

2.48

1.10-6.05

2.54-9.76

Frozen Thawed

3.24

0.70

2.81-4.05

(1.50-4.98)

Fresh CM 5 ng/ml

3.86

1.48

2.81-4.91

(-9.48-17.20)

Fresh CM 10 ng/ml

3.22

1.45

2.19-4.24

(-9.81-16.20)

Fresh CM 15 ng/ml

2.27

0.86

1.66-2.87

(-5.42-9.95)

Frozen- Thawed + CM 5 ng/ml

5.91

2.93

2.72-8.49

(-1.36-13.20)

Frozen- Thawed + CM 10 ng/ml

5.01

2.62

2.03-6.94

(-1.49-11.50)

Frozen- Thawed + CM 15 ng/ml

3.22

0.57

2.60-3.72

1.81-4.63
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Figure 4.5. Effect of cryopreservation and tissue culture with VEGF on total
follicle density. Data was standardised by calculating follicle density by evaluating
the number of follicles per square millimetre of ovarian tissue. P>0.05 indicating
no statistical significance across the treatment groups; one-way ANOVA,
Bonferroni multiple comparisons test.
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Follicles were identified at primordial (4210), primary (558) and secondary (100)
stages of development. Developmental stage was assessed in order to
determine if any particular developmental phase is more susceptible effects of
cryopreservation and/or VEGF supplementation in culture. There was no
significant difference between treatment of the tissue and the stage of
development in the follicles observed (F (14, 48) = 1.07, p>0.05). Overall, there
were more primordial follicles/mm2 in tissue from both fresh and cryopreserved
ovaries. Tissue cultured with 5 ng/ml of VEGF appeared to have a higher overall
follicular density in both the fresh (3.86± 1.48) and frozen-thawed (5.91±2.93 48)
treatment groups. Increasing the concentration of VEGF supplemented in the
culture medium appeared to be detrimental to the overall follicle density, however
this result was not significant (p>0.05).
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Table 4.2. Summary of the follicle density at all stages of follicle development in ovarian grafts cryopreserved and cultured with VEGF.
Data was standardised by calculating follicle density by evaluating the number of follicles (n = 4904) per square millimetre of ovarian tissue.
Data is presented as average (± standard deviation) and 95% CI (lower-upper). P>0.05 indicating no statistical difference between the
treatment groups.

Treatment

Primordial Follicles

Primary Follicles

Secondary Follicles

Mean

SD

95% CI

Mean

SD

95% CI

Mean

SD

95% CI

Fresh

3.26

2.23

(-2.28-8.81)

0.28

0.21

(-0.23-0.79)

0.08

0.04

(-0.02-0.17)

Frozen- Thawed

2.6

0.48

1.40-3.8

0.44

0.28

(-0.25-1.10)

0.16

0.02

(-0.10-0.21)

Fresh + CM 5 ng/ml

2.2

2.13

(-3.10-7.50)

0.33

0.33

(-0.47-1.1)

0.04

0.06

(-0.12-0.19)

Fresh + CM 10 ng/ml

1.97

1.95

(-2.87-6.80)

0.13

0.14

(-0.22-0.48)

0.04

0.04

(-0.05-0.13)

Fresh + CM 15 ng/ml

1.3

1.23

(-1.76-4.37)

0.18

0.22

(-0.35-0.72)

0.02

0.04

(-0.08-0.12)

Frozen Thawed + CM 5 ng/ml

4.96

2.64

(-1.59-11.50)

0.86

0.32

(-0.06-1.70)

0.10

0.01

(0.07-0.13)

Frozen Thawed + CM 10 ng/ml

4.27

2.21

(-1.23- 9.77)

0.57

0.32

(-0.23-1.40)

0.17

0.15

(-0.20-0.55)

Frozen Thawed + CM 15 ng/ml

2.61

0.53

1.28-3.93

0.5

0.07

0.33-0.68

0.11

0.04

(0.02-0.20)
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Figure 4.6. Effect of cryopreservation and VEGF in tissue culture treatment on
follicle density and developmental stage. The effect of cryopreservation (fresh vs
frozen thawed) and VEGF culture treatment (5 ng/ml vs 10 ng/ml vs 15 ng/ml)
has on follicle density at various developmental stages. Data was standardised
by calculating follicle density by evaluating the number of follicles per millimeter
of ovarian tissue. P>0.05 indicating no statistical difference between the
treatment groups; two-way ANOVA, Bonferroni multiple comparisons test.
4.3.1.2 Effect of cryopreservation and VEGF in tissue culture on VEGF
protein expression
To determine if cryopreservation and/or the addition of VEGF to the culture
medium (5 ng/ml vs 10 ng/ml vs 15 ng/ml) results in changed VEGF protein
expression in ovarian cortical tissue the presence of the biomarker in the tissue
was measured using WB. Although the experiment was repeated the results were
inconclusive as there was a weak band signal at both the VEGF and its respective
β-Tubulin loading control (Figure 4.7). Had there been any sign of increased
expression of VEGF within the tissue this would have been significant as VEGF
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promotes angiogenesis and therefore may be clinically useful in optimising
revascularisation in the tissue graft following transplantation.
To ensure VEGF was present in the tissue immunohistochemistry on remaining
ovarian tissue sections was carried out to determine if VEGF expression was at
all detectable. VEGF was localised within the granulosa, theca and oocyte cells
of the follicles in varying developmental stages. VEGF expression was also seen
in the blood vessels within the ovarian cortical tissue (Figure 4.8).
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B

A

Figure 4.7. Effect of cryopreservation and VEGF in tissue culture treatment on VEGF expression in ovarian cortical tissue. (A) Image
obtained from western blotting showing VEGF protein expression and its respective β-Tubulin loading control. (B) Image of nitrocellulose
membrane stained with Ponceau S following protein transfer during WB procedure.
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Figure 4.8. Representative images of the immunohistological localisation of
VEGF in ovarian cortical tissue. Images showing the localisation of VEGF protein
(black arrows) in the cytoplasm (A-C) of oocytes (20X; 10X; 10X), (C)
surrounding granulosa and theca cells (10X) and (D) blood vessels (20X). VEGF
expression is visualised by brown staining.
4.3.1.3 Effect of VEGF in tissue culture treatment on vessel density
To assess the vessel density in the ovarian tissue sections were stained for vWF
and the vessel calculated and evaluated using the method outlined in chapter 2
section 2.7.1.2. Overall there was a statistically significant difference in the vessel
density across all treatment groups and a summary of the vessel densities across
are shown in Table 4.3; (F (7, 13) = 3.22, p<0.05).
Culturing the samples with 15 ng/ml of VEGF significantly increased the density
in both fresh and frozen tissue (Figure 4.9). In fresh ovarian cortical tissue vessel
density increased from 1.56±0.72% to 4.10±0.49%. In frozen-thawed samples
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ovarian cortical tissue vessel density increased from 1.80±0.45% to 3.21±0.82%
(p=0.007). At all concentrations the data suggests that culturing ovarian tissue
with VEGF at all concentrations increases the vessel density of cryopreserved
ovarian tissue (p>0.05)

Table 4.3. Summary vessel density in ovarian tissue cultured with 5 ng/ml, 10
ng/ml and 15 ng/ml of VEGF. Data is presented as average (± standard
deviation), range (min – max) and 95% CI (lower-upper). P=0.035 indicating
statistical difference between the treatment groups.
Vessel Density (%)
Treatment

Mean

SD

Range
(min-max)

95% CI

Fresh

1.56

0.72

1.03-2.38

(-0.22-3.35)

Frozen Thawed

1.80

0.45

1.53-2.32

0.691-2.92

Fresh + CM 5 ng/ml

2.22

0.04

2.192-24

1.9-2.53

Fresh + CM 10 ng/ml

2.39

0.24

2.22-2.56

0.23-4.55

Fresh + CM 15 ng/ml

4.10

0.50

3.75-4.45

(-0.35-8.55)

Frozen- Thawed + CM 5 ng/ml

3.45

1.22

2.05-4.3

0.42-6.48

Frozen- Thawed + CM 10 ng/ml

3.14

1.00

2.13-4.12

0.67-5.62

Frozen- Thawed + CM 15 ng/ml

3.21

0.82

2.39-4.02

1.19-5.24
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Figure 4.9. Effect of cryopreservation and VEGF in tissue culture treatment on
vessel density. The effect that cryopreservation (fresh vs frozen thawed) and
VEGF in tissue culture treatment (5 ng/ml vs 10 ng/ml vs 15 ng/ml) has on vessel
density. Data is expressed as the total vessel area per tissue section area. Data
was standardised by calculating follicle density and is presented as the mean ±
SD. **p<0.01 indicates statistical significance between the sample groups; oneway ANOVA, Bonferroni multiple comparisons test.
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4.3.2

Experiment Two: Molecular Analysis of VEGF released from
Alginate beads using an Enzyme Linked Immunosorbent Assay
(ELISA)

4.3.2.1 VEGF release from alginate beads
Alginate beads supplemented with VEGF released this peptide for the entire
seven days at all concentrations (F (18,48) = 421, p<0.001). At 10ng/ml and 15
ng/ml the concentrations for the first four days could not be detected as their
release levels were beyond the range of the assay. Given that the release results
were too high to be detected we assume that there was an initial burst of protein
in the first days as can be seen at 1 ng/ml and 5 ng/ml (Figure 4.10).
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Figure 4.10. VEGF release profiles from alginate beads loaded with 5 ng/ml, 10
ng/ml and 15 ng/ml. Data is expressed as the mean concentration based on three
replicates ±SD. ****p<0.0001 indicates statistical significance between the
concentrations on that day.« indicates the released concentration exceeds the
detectable range, two-way ANOVA, Bonferroni multiple comparisons tests.
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Following this initial burst of protein, VEGF continued to be released from the
beads loaded with 1 ng/ml (p<0.001), 5 ng/ml (p<0.001, Figure 4.11) 10ng/ml
(p<0.001) and 15 ng/ml (p<0.0001) at decreasing concentrations at each time
point over the seven-day period. At 5 ng/ml the rate of release decreases at a
fairly constant over the rest of the seven days (F (6,14) = 86.53, p<0.001), Figure
4.11).
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Figure 4.11. Concentration of VEGF released from alginate beads
supplemented in 5ng/ml. Data is expressed as the mean concentration based on
three replicates ±SD. ***p<0.001 indicating statistical significance in the
decreasing release concentration of VEGF over the seven days; one-way
ANOVA, Bonferroni multiple comparisons test.
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4.4

Discussion

The limited clinical success of OTC-TP has been attributed to slow post
transplantation revascularisation, resulting in ovarian tissue apoptosis and
substantial follicle loss (Campos et al., 2011; Demeestere et al., 2015; Ma et al.,
2017).

VEGF has been identified as a crucial angiogenic enhancer in other

organ models (Daly et al., 2013; Smith et al., 2004; Wang et al., 2016). However,
the short half-life of the VEGF protein make bolus administration potentially
harmful (Moya et al., 2009). Incorporation of VEGF in culture medium or
bioengineered scaffolds have been explored as alternative vehicles for growth
factor delivery in ovarian tissue transplantation (Henry et al., 2015; Langbeen et
al., 2016; Li et al., 2016; Shikanov et al., 2011).

4.4.1

The influence of ovarian tissue culture with VEGF on follicle
density and stage of development

Studies show an initial five day hypoxic period followed by gradual oxygenation
over five days following transplantation can cause follicle atresia as a result of
the slow graft revascularisation (Campos et al., 2011; Demeestere et al., 2015;
Ma et al., 2017). As such research efforts have focused on improving
transplantation of ovarian tissue to optimise graft and follicle survival (Langbeen
et al., 2014; Manavella et al., 2018)
As the duration of ischemia and the rate of follicle apoptosis seem to be
correlated, enhancing vascularisation through the use of a pro angiogenic
substance such as VEGF has been proposed. Moreover, VEGF, which is
essential for angiogenesis, has also proven to be a successful angiogenic
substance in other transplant protocols.
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VEGF specifically has demonstrated increased follicle survival indirectly via
angiogenesis and directly through its role in folliculogenesis (Geva and Jaffe,
2000; Abdel-Ghani et al. 2014). Consequently, in the first experiment, coculture
of ovarian tissue with VEGF was carried out to determine if the uptake of the
growth factor by cells and tissues is able to stimulate and increase angiogenesis
sequentially improving follicle conservation. The results from this study
demonstrate that tissue culture with 5 ng/ml VEGF is beneficial to the follicle
survival rate. However, at increasing the concentrations, VEGF is detrimental.
The results from this investigation were not significant (Figure 4.5). In both the
fresh and frozen-thawed experimental groups culturing ovarian tissue with 5
ng/ml VEGF seemed to be most beneficial to the follicle survival rate. However,
at increasing concentrations, VEGF was seemingly detrimental to follicle
development. This is inconsistent with outcomes reported in other studies (AbdelGhani et al., 2014; Asadi et al., 2017; Langbeen et al., 2014), where
supplementing increasing concentrations of VEGF in culture resulted in improved
follicle survival and a reduction in apoptosis.
Variations to our study design, particularly the length of time the tissue was
exposed to VEGF in culture is thought to be the cause of this discrepancy. In this
experiment ovarian tissue from reproductive aged female cattle, akin to the
predominate age of patients in the clinical setting, was use. Tissue was exposed
to VEGF in culture for 72 hours. The culture protocol followed was based on the
original work by Langbeen et al., 2016. They exposed fetal bovine tissue to VEGF
for only 24 hours; however foetal ovaries are known to contain an abundant
follicular pool and the cortical tissue is softer and less fibrous than in that of a
more mature cow (Aerts et al., 2010). Consequently, it was thought that 24 hours
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would not be sufficient enough time for VEGF to penetrate the tissue, which
coming from an adult cow was more fibrous and contained fewer follicles.
Primordial

follicles

are

believed

to

have

the

greatest

tolerance

to

cryopreservation due to their smaller size, low metabolic rate and absence of
zona pellucida (Newton et al., 1996). It is believed that follicles in later
developmental stages, including primary and secondary follicles, have a reduced
tolerance to cryopreservation due to their larger size, increased water content
and chromosomal arrangement. This is consistent with our findings which
although displayed no statistically significant difference in the distribution of
viable follicles throughout the varying developmental stages (Figure 4.6),
demonstrated an increased primordial follicle density when cortical tissue was
cultured with 5ng/ml of VEGF.
This concentration of VEGF also seemed to increase the viability of primary
follicle density when compared with uncultured controls which also suggests that
the effects of VEGF are correlative to stage of follicle development. When
follicles reach the secondary developmental stage, surrounding stromal cells
become organized in thecal layers, containing a vast vascular network which
increases as the follicle develops (Araújo et al., 2013; Kaczmarek et al., 2005).
Prior to this the nutrition and oxygenation of primordial and primary follicles is
reliant on passive diffusion from stromal blood vessels (Suzuki et al., 1998).
Therefore, secondary and tertiary follicle loss is induced as avascular
transplantation as the blood supply essential for their progression and
development, is compromised (Geva and Jaffe, 2000).
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4.4.2

The influence of ovarian tissue culture with VEGF on protein
expression from the tissue

Culturing ovarian cortical tissue was also done to asses if increasing VEGF
protein expression in the ovarian tissue through tissue culture with VEGF would
result in induced angiogenesis and reduced ischaemic damage following
transplantation.
Unfortunately, the findings of this study were inconclusive and could not be
quantified. The results from the western blot showed a weak band signal for both
VEGF and its respective β-Tubulin loading control. Faint bands can be seen at
approximately 27kDa, the site of samples which correspond to ovarian tissue
cultured with 15 ng/ml of VEGF and at 50kDa, representative of β-Tubulin. As
there is no reference untreated control for comparison these results cannot be
analysed.
It is possible that these bands are a result of inadequate membrane blocking and
not entirely representative of VEGF and β-Tubulin expression (Figure 4.7). 5%
non-fat dry milk was used as the blocking buffer (Yang et al., 2008) for these WB.
However, given the inaccurate results 5% BSA may have been more suitable for
this antibody (Yang and Mahmood, 2012).
Alternatively, weak detection of may have been as a result of inadequate proteins
present on the nitrocellulose membrane or an incorrect concentration of
antibodies. There are contradictory reports on the optimal concentration for this
particular anti-VEGF primary antibody. In some reported works a dilution of
1:1,000 was found to be optimal (Yang et al., 2008). However, Li et al., 2017
publishes success using a higher concentration of 1:400. The discrepancy in the
concentration of antibodies requires further efforts to optimise the antibody
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concentrations for this particular tissue of interest. However, funding and time
constraints prevented this particular experiment from being optimised.
Conclusions regarding the effect of ovarian tissue culture with VEGF on VEGF
protein expression cannot be determined given the experimental difficulties that
occurred with the Western Blots. The detection and comparison of VEGF protein
expression between the tissue treated with different concentrations of exogenous
VEGF would have been clinically useful to determine if pre-treating the graft with
VEGF is able to promote angiogenesis within the ovarian tissue. Further
evaluation using other molecular analysis is required.

4.4.3

The influence of ovarian tissue culture with VEGF on vessel
density

VEGF is a chemical stimulant of angiogenesis which interacts with VEGFR on
specialised endothelial cells resulting in sprouting angiogenesis and the
formation of new blood vessels (Martelli et al., 2017). Increasing angiogenesis in
the ovarian tissue through the supplementation of VEGF in culture medium would
be beneficial in improving revascularisation and reducing ischemic damage
caused by the avascular transplantation. In order to determine the effect of VEGF
in culture on angiogenesis, immunohistochemical detection of vWF expression in
endothelial cells was used to quantify vessel density.
Supplementing tissue culture medium at all three concentrations increased the
ovarian vessel density in both fresh and frozen tissue. In fresh cortical samples
VEGF culturing increased vessel density significantly by 2.5% at 15ng/ml
(p=0.007). Similarly, in the cryopreserved cortical tissue samples VEGF culturing
improved increased vessel density significantly by 1.40% at 15ng/ml (p=0.007).
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It should be noted that in cryopreserved tissue a concentration of 5ng/ml of VEGF
resulted in the highest vessel density of 3.5±1.2%. This may explain why this
concentration is also the optimal concentration for follicle survival in
cryopreserved ovarian tissue. Unfortunately, this result was not statistically
significant when compared to tissue cultured without VEGF. The small sample
size is likely the cause of the variation in standard deviation. It would be beneficial
to increase the sample size in an attempt to verify these results and improve the
statistical accuracy.
In fresh tissue, culturing with 15ng/ml of VEGF lead to the greatest vessel density
(4.1±0.50%) overall. However, at this concentration follicle survival was
compromised. Given increasing follicle viability is the desired outcome of
improving vascularisation, optimal VEGF concentration is one sufficiently high
enough to stimulate blood vessel angiogenesis without compromising follicle
survival.

4.4.4

Sustained delivery of VEGF using alginate

In experiment two, in vitro culture of alginate beads supplemented with VEGF
was carried out to quantify the release of the growth factor to the external
environment. Sustained release from the beads at all concentrations was
maintained over the seven days (Figure 4.10). As revascularisation can take
almost five days (Van Eyck et al., 2010), being able to induce angiogenesis
during this period of hypoxia could reduce ischemic damage caused by restricted
perfusion during the avascular period.
At all concentrations a rapid initial bust of protein was released. This correlates
to the data found in the literature (Gu et al., 2004; Peters et al., 1998). At a bead
loading of 5ng/ml the initial release was relatively low, followed by consistent
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decreases each day. This loading concentration allows for approximately 1ng/ml
to diffuse into the external environment for a minimum of seven days.
At loading concentrations of 10ng/ml and 15ng/ml release measurements were
not available for the first four days. The release concentrations went beyond the
range of the assay. Contrastingly, the release concentrations at days 5, 6 and 7
were less than in those beads with decreased loading concentrations (1ng and
5ng).
This suggests their rapid initial burst is notably greater. High dose administration
of growth factors such as VEGF have potential side effects to both the
vasculature (Annex and Simons, 2005) and follicle development (Langbeen et
al., 2016). Therefore, determining the release kinetics from the alginate scaffolds
may aid in optimising ovarian tissue transplantation through the sustained
delivery of VEGF to a localised area without inducing negative side effects in nontargeted areas.

4.4.5

Summary

The results from experiment one suggests that culturing cryopreserved ovarian
tissue with 5ng/ml is optimal for favourable follicle survival and angiogenesis. At
a loading concentration of 5ng/ml alginate beads were able to deliver a sustained
concentration to the external environment. However, this sustained delivery
concentration was lower than required to impact the ovarian tissue. Further
optimisation of the alginate loading concentration is required to before testing in
animal models can be validated.
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Chapter 5
Improving vascularisation of ovarian tissue xenografts
by treating the tissue prior to transplantation.

5.1

Introduction

Xenografting a tissue involves collecting tissue from a donor of a given species
and implanting it into a recipient belonging to a different species (Aubard, 2003).
Gosden et al., 1994 were the first to demonstrate the use ovarian xenografts as
means to study in vivo follicle maturation. Others soon followed and ovarian
engraftment into immunodeficient mice models became a popular way to
evaluate and measure ovarian tissue survival and follicular viability following
cryopreservation and transplantation (Nisolle et al., 2000; Oktay et al., 1998; Van
Eyck et al., 2009; Weissman et al., 1999).
Athymic or nude mice have been used in clinical and experimental research since
the 1960’s. Their inability to mount most immune responses due to a lack of
thymus make them an ideal model to study allografts or xenografts (Fogh, 1978).
Severe combined immunodeficient (SCID) mice are another model used to
support tissue from foreign species without mounting an immune response
against the graft (Bosma et al., 1983). Defects in their antigen receptor genes
impair their ability to form functional lymphocytes making them a useful model to
study transplantation (Custer et al., 1985).
SCID mice became the preferable and most commonly used model for ovarian
xenografts (Aubard, 2003) as these mice are able to successfully support the
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survival of ovarian grafts and allow follicles to develop in an in vivo setting (Oktay
et al., 1998).
Although very recently in vitro maturation of human oocytes was achieved
(McLaughlin et al., 2018), successful in vitro development of follicles in culture is
rather limited (Bols et al., 2010; Smitz and Cortvrindt, 2002; Telfer et al., 2008).
As it is mostly primordial and primary follicles which survive the cryopreservation
and storage process (Baird et al., 1994), a successful in vivo research method
which supports folliculogenesis is paramount to being able to improve OTC-TP
outcomes and refine current protocols.
Moreover, given this thesis is focused on optimising vascularisation of OTC-TP,
an investigative model which not only supports follicle growth but enables
analysis of angiogenesis and re-vascularisation of the tissue following transplant,
is also crucial. A number of in vitro angiogenesis assays are commercially
available, however they should be used with caution as they are often not
homogenous and dependent on the cell cohort use (Tahergorabi and Khazaei,
2012). In a critical review of the best way to evaluate angiogenesis, it was found
that quantification of newly formed micro vessels in animal models that correlates
to a clinical environment, is probably the most efficient way to assess
revascularisation and vessel growth (Staton et al., 2009).
Earlier xenograft studies established that re vascularisation of ectopic
autotransplantation of ovarian tissue is initiated at about 48 hours post
implantation (Dissen et al., 1994). Both host and graft vessels contribute to
revascularisation (Van Eyck et al., 2010), but reperfusion of the tissue is not
actually initiated till almost a day later (72 hours post transplantation) (Nugent et
al., 1998). Resulting in tissue being in a state of hypoxia for up to five days post
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transplantation (Van Eyck et al., 2009). It is during this initial phase, when
adequate blood does not reach the tissue that ischaemic injury occurs and
follicles are unable to survival (Aubard et al., 1999; Nisolle et al., 2000; Nugent
et al., 1998).
Following on from the results found in experiments using the CAM assay (chapter
3), xenografting cryopreserved ovarian tissue into an immunodeficient mouse
model was chosen to further explore the interventional methods in an
environment

that

more

closely

mimics

a

clinical

setting.

In

vivo

xenotransplantation allows for the analysis of both the development of ovarian
follicles and quantification of angiogenesis as the tissue re vascularises.

5.1.1

Aim

The original aim of this experiment was to determine if alginate encapsulation
prior to freeze-thawing and/or the addition of exogenous VEGF is able to improve
follicle and tissue quality of ovarian tissue xenografted into immunodeficient mice.
However, limited funding allowed for only the effects of alginate to be explored.
Alginate is biocompatible in vivo and products produced during its breakdown
can be excreted through the urine (Al-Shamkhani and Duncan, 1995). It also has
a high affinity to water and ability to form hydrogels under very mild conditions
and therefore is hypothesised to improve follicle survival despite the lack of
exogenous VEGF.

5.2

Methods

5.2.1

Experimental design

Each mouse received two grafts from the same bovine ovary. One graft was
frozen-thawed and the other encapsulated in alginate prior to freezing. Four mice
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were randomly assigned to a time point. At this time point the ovarian graft is
removed and the mouse culled (Figure 5.1).
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Figure 5.1. Schematic depiction of the experimental design. (F-T: Frozen-Thawed tissue, Alg + F-T: Alginate encapsulation prior to
freeze-thawing of tissue, TP: transplantation).
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5.2.2

Bovine tissue collection and processing

These methods have previously been described in section 2.3.2 of chapter 2.

5.2.3

Alginate encapsulation

Alginate encapsulation has previously been described in section 2.5 of chapter 2.

5.2.4

Cryopreservation and thawing process

These methods have previously been described in section 2.4 of chapter 2. The
thawing procedure was planned in collaboration to enable the shortest possible
between warming and xenotransplantation. As such the thawing procedure was
started approximately 30 minutes prior to each mouse undergoing grafting.
All animal experiments were carried out at the Comparative Biology Unit (CBU),
UCL, Hampstead campus, under project license PPL 70/9017L. Twenty, 8-weekold female athymic BALB/c mice (Charles River, UK) were used for this study.
The mice were anesthetized with an intraperitoneal injection of ketamine (75
mg/kg), medetomine (1 mg/kg) and buprenorphine (0.1 mg/kg). Throughout the
procedure mice received Isoflurane (100%) through a 2.5% to 4% O2 vaporiser
to maintain sedation. They were also given Carprofen (5mg/kg) and Vetergesic
(0.1 mg/kg) as analgesia prior to the procedure. All pharmaceuticals were
provided by CBU and given in accordance with advice from the on-call veterinary
consultant. The surgical procedure, including the implantation of two bilateral
tissue grafts lasted approximately 30 minutes.
A midline incision (~1 cm long) was made on the lower third of the abdominal wall
of each mouse following sterilisation of the surgical field. Two ovarian fragments
were xenotransplanted into each side of the peritoneal wall (Figure 5.2A). The
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tissue was adhered using only a single suture to minimise damage to the ovarian
graft. The incisions were sutured with 5/0 Vicryl (Ethicon, USA) and mice were
allowed to recover on a warmed plate. Each mouse received tissue from the
same bovine ovary, treated in two ways.

A

B

Figure 5.2. Representative images of the xenografting procedure. (A) Midline
incision indicated by the red arrow, exposing the peritoneum of the mouse. (B)
Ovarian tissue (red arrow) implanted into the mouse.
5.2.5

Graft retrieval and tissue preparation for analysis

Mice were euthanised by cervical dislocation after 24 hours, 48 hours, 72 hours,
5 days and 1-week. Grafts were recovered for histological and IHC analysis. All
grafts were immediately fixed in 10% neutral buffered formalin (CellPath, UK),
embedded in paraffin and cut into 5 µm serial sections for H&E staining and IHC
at a later stage.

5.2.6

Histology and immunohistochemistry

Blood vessels in the grafts were identified using von Willebrand factor (1:200
dilution: Agilent Technologies/Dako). IHC staining to identify follicle apoptosis in
the grafted tissue was done using Cleaved caspase 3 (1:300 dilution: Cell
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Signalling Technologies). Details of these protocols can be found in section 2.6
and 2.7 of chapter 2.

5.2.7

Data presentation and analysis

All values in the text, tables and figures are expressed as mean ± SD, unless
otherwise stated. Significance was determined by performing one- way or twoway analysis of variance (ANOVA) with Bonferroni correction for multiple
comparison post-tests (for comparisons across more than two groups), two-tailed
unpaired Student t tests (for parametric data, where comparing data between two
groups) or Mann–Whitney tests (for nonparametric data, where comparing data
between two groups). For data expressed as proportion, statistical differences
were determined using a Pearson’s Chi squared test. A p value of <0.05 was
considered statistically significant and denoted in images by ‘*’.

5.3

Results

5.3.1

Graft recovery and macroscopic appearance

Three mice did not survive the surgical procedure, showing signs of distress
during early recovery (2 from the 24-hour time point and 1 from the 48-hour time
point). Of the 17 surviving mice only 62% (21/34) of grafts were easily identified
and attached to the surrounding tissue. The remaining 13 grafts were extirpated
from areas within the intraperitoneal cavity, most commonly behind the liver and
other abdominal organs. Those grafts did not appear to be necrotic but were
extremely pale with no evidence of perfusion (Figure 5.3A). Some vessels
connecting the grafted bovine tissue to the peritoneal wall were observed (Figure
5C, 5D). There was not alginate present on any of tissue removed from the mice,
suggesting degradation of the polymer at this concentration occurred during the
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7 days of transplantation. Encapsulation with alginate did not affect the surgical
attachment of the graft to the peritoneal cavity.
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A

B

C

D

Figure 5.3. Representative images of ovarian tissue following retrieval from mice. (A) Ovarian tissue found in the mouse abdominal cavity
not adhered to the implantation site. (B) Ovarian tissue found adhered to the implantation site but extremely pale with no perfusion initiated.
(C) Ovarian tissue attached to the implantation site; red arrow indicates evidence of small vessels. (D) Ovarian tissue firmly attached to the
implantation site; red arrow indicates evidence of blood vessels.
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5.3.2

Follicle density and stage of development after encapsulation,
freezing, thawing and transplantation

Ovarian follicles were only identified in 55.88% (19/68) of grafts. A total number
of 50 follicles at various stages of development were identified in all grafts
retrieved following transplantation. A summary of the total follicles/mm2 at each
time point is shown in Table 5.1. Histological analysis revealed a greater total
follicle density in ovarian tissue encapsulated in alginate prior to freeze-thawing
(1.16±0.79) when compared with tissue that had only been frozen-thawed
(0.67±0.06, p<0.001). Although follicle stage of development was determined,
there was no statistical significance between the advancement of folliculogenesis
and pre-grafting tissue treatment (p>0.05).

*

3
Total follicles/mm2

*
2

1

0

Frozen- Thawed

Alg + Frozen-Thawed

Treatment

Figure 5.4. The overall effect of alginate encapsulation prior to freeze-thawing
on follicle conservation in retrieved xenografts. Data is presented as the mean ±
SD, total number of follicles = 50. *P<0.01 indicates statistical significance
between the treatment groups; Students t-test.
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B.

**
3

**

C. 2.5

2.0
1.5
1.0
0.5

Total follicles/mm2

2.0

Total follicles/mm2

Total follicles/mm2

A. 2.5

2

1

0

Treatment

1.0
0.5
0.0

0.0
Frozen- Thawed Alg + Frozen-Thawed

1.5

-0.5

-1
Frozen- Thawed Alg + Frozen-Thawed

Treatment

Frozen- Thawed Alg + Frozen-Thawed

Treatment

Figure 5.5. The effect of alginate encapsulation prior to freeze-thawing on follicle conservation in retrieved ovarian tissue following
transplantation. Data is presented as the mean ± SD (A) For 72 hours p>0.05 indicating no statistical difference between the treatment
groups. (B) For 5 days, **p<0.005 indicates statistical significance between the treatment groups; Mann- Whitney test. (C) For 7 days,
**p<0.005 indicating statistical significance between the treatment groups; Mann- Whitney test.
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At each time point individual comparisons were made between the total number
of follicles/mm2 in tissue frozen-thawed and tissue encapsulated in alginate prior
to freeze-thawing. This was done to determine if alginate encapsulation despite
transplantation time had any significant effect on follicle conservation.
At both 24 hours and 48 hours there were not enough data points available for
comparison.
At 72 hours the total follicle density/mm2 was slightly higher in the tissue frozenthawed (1.67± 0.66) than in tissue encapsulated in alginate (0.96± 0.66, Figure
5.5A). However, this comparison was not statistically significant (p>0.05). There
was also no statistical significance across all stages of follicle development
(p>0.05).
At 5 days post transplantation the total follicle density/mm2 was greater in tissue
encapsulated in alginate (1.35±0.88) than in frozen- thawed ovarian tissue (0.49±
0.54, p= 0.002, Figure 5.5B). Results showed that alginate encapsulation did not
significantly influence primordial follicle density (p>0.05). However, primary
follicle density was greater when tissue was encapsulated in alginate prior to
freeze-thawing (p=0.01). There was only one observation of secondary follicles
for tissue transplanted for five days. Consequently, no statistical test could be
performed.
At 7 days post transplantation the total follicle density/mm2 was higher in tissue
encapsulated in alginate (0.81±0.78) than in frozen- thawed ovarian tissue
(0.13±0.29, p=0.004, Figure 5.5C). There were not enough follicles observed at
primary or secondary stages of development for statistical tests to be performed.
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5.3.3

Follicle apoptosis after encapsulation, freezing, thawing and
implantation

Follicles were scored and evaluated using the methods previously described in
section 2.7.1.1 of chapter 2. Evidence of positive staining for cleaved caspase-3
was only found in tissue transplanted for a period of five and seven days. At these
time points the proportion of follicles demonstrating positive staining for cleaved
caspase-3 was significantly lower in tissue encapsulated in alginate prior to
freeze thawing (Figure 5.6, p<0.001). At all other time points there were not
enough follicles observed to be statistically analysed.
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Figure 5.6. The effect of alginate encapsulation and transplant time on follicular
apoptosis in retrieved ovarian xenografts. Data is expressed as a percentage of
the total number of follicles positive for cleaved caspase-3/total number of
follicles scored. Total number of follicles scored = 84. ***p<0.001, indicating
statistical significance between the treatment groups; Pearson Chi squared test.
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5.3.4

Vessel density after encapsulation, freezing, thawing and
implantation

To compare vessel density in the ovarian tissue sections from each of the grafts
were stained with vWF and evaluated using the methods described previously in
sections 2.7.1.2 of chapter 2. The mean vessel density was significantly different
between treatment groups across all timepoints (F (9,98) = 3.50, p=0.001).
At each time point individual comparisons of the vessel density were made
between the two treatment groups. This was done to determine if alginate
encapsulation despite the length of transplantation had any significant effect on
vessel density.
At 24 hours (p=0.004) and 72 hours (p=0.072) vessel density was greater in
tissue that was frozen-thawed prior to transplantation. Contrastingly, at 48 hours
(p=0.006) vessel density was greater in ovarian grafts encapsulated in alginate
prior to freeze thawing. Vessel density overall was greatest at 7 days in tissue
encapsulated in alginate prior to freeze-thawing (2.89±1.55%), however this
result was not statistically significant (p>0.05).
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Table 5.1. Summary of the vessel density in retrieved ovarian xenografts.
Data is presented as average (± standard deviation), range (min – max) and 95%
CI (lower-upper). P <0.05 indicating statistical difference between the treatment
groups.
Vessel Density (%)

24 hours

2.12

Frozen Thawed
Range
SD
(min95% CI
max)
0 .39 1.76-2.86
1.71-2.54

48 hours

1.58

0.46

1.10-2.38

1.89-3.43

2.66

0.73

72 hours

2.33

0.39

1.26-2.51

1.37-2.31

1.84

5 days

1.73

0.68

0.70-2.67

1.21-1.81

7 days

2.33

1.04

0.63-4.22

1.86-2.81

Time
post TP

Mean

Frozen- Thawed

Alginate + Frozen Thawed
Range
Mean
SD
(min95% CI
max)
1.51
0.22
1.1--1.81
1.27-1.74
1.89-3.43

0.44

1.52-2.32
1.77-2.84

1.51

0.54

0.85-3.17

1.35-2.10

2.89

0.54

1.18-6.62

2.19-3.60

1.92-2.74

Alginate + Frozen Thaw

Vessel Density (%)

8

6

**
4

*

**
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0
24 hours 48 hours 72 hours 5 days

7 days

Time

Figure 5.7. The effect of alginate encapsulation prior to freeze-thawing on
vessel density in retrieved ovarian xenografts. Data was standardised by
calculating vessel density and is expressed as a percentage of the total number
of vessels. Data is presented as the mean ± SD, *p<0.05, **p<0.005 indicates
statistical significance between treatment groups; one-way ANOVA, Bonferroni
multiple comparisons test.
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5.4

Discussion

In a number of tissue engineering studies microencapsulation with alginate prior
to cryopreservation and transplantation improved cell survival rates (Drury and
Mooney, 2003; Gurruchaga et al., 2018; Lee and Mooney, 2001). It is thought
that the alginate polymer is cryoprotective as it reduces extracellular ice formation
(Murase et al. 1997), intracellular ice formation (Mazur, 1965; Toner et al., 1993)
and provides a buffer against potentially toxic CPAs (Koebe et al., 1990).
This is comparable with the results of this study. Encapsulation of small pieces
of ovarian tissue in 1% alginate prior to xenografting, improved overall follicle
density and reduced the proportion of apoptotic follicles (p<0.001). This was
evident in tissue transplanted at all time points.
The literature demonstrates alginate as a useful biomaterial to support the growth
and differentiation of isolated ovarian follicles (Vanacker and Amorim, 2017).
Almost all the relevant work in this field focuses on the encapsulation of isolated
follicles (Camboni et al., 2013; Kreeger et al., 2006; Rios et al., 2018; West et al.,
2007). The polymer has been used primarily to create 3D culture systems to
support the growth and differentiation of follicles in vitro. This has been done in
an effort to advance oocyte in vitro maturation (Camboni et al., 2013). Alginate
as a scaffold for an extracellular matrix in the development of an artificial ovary
has also been investigated (Shea et al., 2014; Vanacker et al., 2012).
The properties of alginate such as stiffness and density of the matrix influences
the various cellular components within the follicle in different ways (West et al.,
2007). In vitro culture of follicles at a range of alginate concentrations (0.125-3%)
concluded that a stiffer alginate matrix (1-2%) is better able to support early stage
follicles (Brito et al., 2014; Sadeghnia et al., 2016). Contrastingly, lower
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concentrations (0.25-0.5%) of alginate were found to enhance antral stages of
folliculogenesis (Songsasen et al., 2011). These findings might explain why very
few follicles were found beyond the primary stage of development in this
experiment, as a more rigid structure may restrict the diffusion of hormones and
other proteins that are essential for follicular development (Amorim et al., 2009;
Laronda et al., 2014).
Our results also showed variable vessel density over time, with notably increased
vascularisation in tissue encapsulated in alginate prior to freezing. Alginate was
not expected to directly increase blood vessel formation following transplantation.
However, it is thought that cryoprotective nature of the alginate matrices served
to reduce vessel damage within the grafted tissue, enabling them to better reestablish the blood flow (Liu et al., 2018).
Xenograft models using immunodeficient mice can be used to study ovarian
tissue

survival

and

follicular

viability

following

OTC-TP.

In

vivo xenotransplantation models were crucial to the translational development of
this procedure to clinical application and serve as a beneficial tool to study
revascularisation.
A number of mice strains carry mutations causing them to be immune
compromised enough to allow for xenotransplantation of ovarian tissue. Nude
mice are athymic and cannot generate mature T lymphocytes rendering them
unable to mount most types of immune responses (Kenney et al., 2016; Shultz
et al., 2007). Another alternative, is severe combined immunodeficient (SCID)
mice, which carry an autosomal recessive mutation that severely impairs
functions mediated by B and T lymphocytes (Bols et al., 2010) . Both nude and
SCID mouse models have become most popular for ovarian cortex xenografting
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as they are able to maintain tissues from foreign species without demonstrating
a graft-versus-host response and thus serve as a good model for transplantation
studies (Donfack et al., 2017; Weissman et al., 1999).
However, both nude and SCID mice have functional macrophages and high
levels of natural killer (NK) cell as well as an active complement system, which
might contribute to a nonspecific immune response (Sandhu et al., 1996).
In an effort to overcome a non-specific immune response, researchers developed
a congenic strain for the SCID mutation and homozygous for this recessive
mutation, the NOD-SCID mouse (Shultz et al., 1995). These mice lack the ability
to develop both B and T lymphocytes, are diabetes resistant and deficient in NK
cells, macrophages and humoral activity.
There has been no consensus over which line of immunodeficient mice is best
suited for xenografting ovarian tissue. Nude mice are favoured by some
researchers, as although they should in theory be less tolerant of the graft tissue
than SCID or NOD-SCID strains. They are also easier to rear and maintain.

In the context of ovarian tissue recovery after auto- transplantation, immunity may
play an important role that is overlooked in studies using immunodeficient mice
for xenografting (Ito et al., 2012; Kenney et al., 2016; Shultz et al., 2007). Indeed,
only one study has been reported in which a direct comparison between SCID
and NOD-SCID immunodeficient mouse models for OTC xenografting has been
compared (Fransolet et al., 2015).
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Their results showed that while SCID and NOD-SCID are both suitable for
studying graft recovery, overall follicle morphology was better preserved in SCID
mice (Fransolet et al., 2015). Given the theoretical advantages of the NOD-SCID
mouse, their findings are unexpected. Additionally, nude mice, are also known to
be effective research models in OTC-TP (Candy et al., 1995; Gunasena et al.,
1997), were completely overlooked.

Xenotransplantation is considered a successful tool for in vivo analysis of OTCTP as it is able to maintain and mature primordial follicles to viable oocytes
capable of subsequent fertilisation. This is considered to be a successful outcome
measure, as a favourable outcome in all ARTs is ultimately pregnancy and live
birth.

Consequently, the role of the innate and adaptive immune responses, which play
a key role in allograft survival and outcomes (Ito et al., 2012; Kenney et al., 2016;
Shultz et al., 2007), but is overlooked in studies using immunodeficient mice for
OTC xenografts, could be playing a part in reduced follicle development in this
experiment.

5.4.1

Summary

The present study examined for the first time the feasibility of encapsulating
whole pieces of ovarian cortical tissue in alginate prior to freeze-thawing and
transplantation into an immunodeficient mouse model. The results suggest that
alginate is able to improve primordial follicle survival and reduces the level of
damage to the tissue post grafting.
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However, the lack later stage developed follicles suggests that the concentration
of alginate used for encapsulation requires further optimisation so that follicles at
later stages of development are also supported. Additionally, future
xenotransplantation work should consider using a humanised mouse strain, and
more work investigating the possible effect of the host immune response on
follicle viability and development is crucial for assessment.
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Chapter 6
Application of Multispectral Imaging (MSI)
to evaluate ovarian tissue reoxygenation after
transplantation in a mouse model.

6.1

Introduction

OTC-TP relies on the growth of new blood vessels to restore adequate tissue
perfusion and oxygenation. Given the avascular period is the primary cause of
follicular damage, accelerating graft revascularisation is an urgent challenge in
developing reliable procedures for ovarian transplantation (Israely et al., 2006).
However optimising tissue vascularisation requires real-time intra-operative
measurements of perfusion without causing tissue damage. Several studies have
looked at methods of improving tissue vascularisation in various animal models,
as detailed in previous chapters (Dissen et al., 1994; Israely et al., 2006; Nugent
et al., 1998; Van Eyck et al., 2010; Yang et al., 2008). Data in human models is
limited. This chapter details experiments in the use of minimally invasive optical
spectroscopy (MSI) as a means of measuring tissue perfusion in OTC-TP.
Evaluation of the ovarian tissue, including tissue vascularisation and the
subsequent effect on the follicular pool, is most commonly assessed using
subjective processes both in animal models and clinical application. These
procedures typically require the resection of tissue and subsequent analysis
under a microscope, providing restricted but detailed information on tissue
biochemistry and structure. In order to obtain this data, removal of at least part of
the tissue graft is required, and processing techniques are time consuming. This
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limits the ability to measure the effectiveness of a treatment or intervention in real
time or make adjustments without impeding the sample or experiment. In clinical
settings the removal of tissue for functional assessment is invasive and can
cause tissue damage.
In a surgical setting, intraoperative feedback on tissue perfusion, function and
structure would be beneficial. For example, data regarding haemodynamics can
inform the measurement of revascularisation and perfusion in an organ transplant.
The ideal diagnostic method would provide a reliable picture of the organ or tissue
state, without disrupting the surgical procedure (Clancy et al., 2015b).
Few perfusion tools have been used in organ models to measure
haemodynamics in situ (Corbett et al., 2000; Mohammad et al., 2011). To our
knowledge, the only real-time tool reported to measure oxygenation following
OTC-TP is electron paramagnetic resonance (EPR), which successfully
measured the partial pressure of oxygen (pO2) in an in vivo mouse model (Van
Eyck et al., 2009).
The EPR technique allowed monitoring of the pO2 of human ovarian tissue grafts
xenotransplanted by using an oxygen sensitive paramagnetic probe, lithium
phthalocyanine (LiPc). Inserting the LiPc crystals at the same time as the grafts
enabled the pO2 to be measured by taking into account the amount of oxygen
present in the immediate environment relative to the probe (Khan et al., 2007).
This proved to be effective in assessing the graft revascularisation and the period
of ischemic exposure causing damage. However, for EPR to work, a probe such
as LiPc is required, and while the study showed that histologically LiPc crystals
did not interfere with the graft structure or follicular development, the long-term
interference of these crystals is unknown.
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Recently, the use of biomedical photonics in the form of minimally invasive optical
spectroscopy (MSI) was used successfully in vivo to determine potential
ischaemia and reperfusion injury in uterine transplantation (Saso et al., 2018).
This technique has previously been applied in other areas of medicine including
gingival inflammation quantification (Zakian et al., 2008), brain tumour
demarcation (Gebhart et al., 2007), analysis of facial skin lesions (Bae et al.,
2008) and bowel anastomosis (Clancy et al., 2015a).
MSI is an advanced imaging technique used to capture scene information at
different spectral wavelengths, to spatially and spectrally classify similar
materials according to their distinctive spectral signatures (Lu and Fei, 2014).
MSI collates information from light and tissue interactions to provide real time
molecular data at both microscopic and nanometre spectral resolutions, by
processing information related to total haemoglobin concentration (Hbt) and
oxygen saturation (O2Sat) (Kaláb and Soderholm, 2010; Yoo et al., 2011).
MSI requires the use of a white light source and tuneable filter to acquire images
at many wavelengths in the visible range, to build up a reflectance spectrum at
each pixel (Zuzak et al., 2002).
Like with pulse oximetry, the haemoglobin concentration and oxygenation as well
as scattering determine the shape of the visible light spectrum reflected from the
tissue. These spectra are then fitted using a linear regression model using prior
knowledge of the optical absorption spectra of oxy- and deoxy-haemoglobin.
The use of MSI in the uterine model was the first time this perfusion tool has been
used in gynaecology. Using MSI to assess revascularisation of OTC-TP would
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be completely novel and provide surgeons with more robust intra-operative
transplant details to aid graft survival and transplant success.

6.1.1

Aim

To aim of this study is to evaluate the feasibility of using multispectral imaging
(MSI) to monitor perfusion of oxygenated blood to ovarian tissue transplanted in
an animal model. The results generated by the MSI laparoscope will be validated
against established ovarian tissue assessment techniques. This will allow us to
determine if MSI is capable of evaluating changes in ovarian tissue oxygenation
intraoperatively. If successful, the MSI technique demonstrates promise of a
possible future clinical use.

6.2

Materials and methods

6.2.1

Experimental design

To evaluate graft perfusion the MSI laparoscope was used to capture images of
the ovarian tissue graft xenografted into an immunodeficient mice model. Ovarian
tissue was processed, cryopreserved and thawed as previously described in 2.3
and 2.4 of chapter two. Mice were randomly assigned to a time point at which the
images would be acquired. These time points were a reflection of the hypoxic
period described during an investigation evaluating the revascularisation of
autotransplantation of ovarian tissue in an animal model (Van Eyck et al. 2010).
Images were taken of regions of interest (ROIs) which were defined by ovarian
tissue graft. Images were taken prior to implantation, immediately following graft
implantation and again at the termination time points (48 hours, 72 hours and 1week post implantation). Once the mice were terminated the ovarian tissue was
removed and analysed for follicular density, tissue apoptosis and blood vessel
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density. Thawed ovarian tissue from the same animal were transplanted into the
same mouse for consistency.

Figure 6.1. Schematic depiction of the experimental design used in the
feasibility trial MSI in OTC-TP.
6.2.2

Bovine tissue collection

This method has been described in section 2.3.2 of chapter 2.

6.2.3

Cryopreservation and thawing process

These methods have been described in section 2.4 of chapter 2.

6.2.4

Surgical protocol

This method has been described in section 5.2.4 of chapter 5.

6.2.5

Minimally invasive Multi Spectral Imaging

The protocols for MSI were devised by Dr. Neil Clancy and Dr. Daniel Elson
(Department of Surgical Imaging in the Hamlyn Centre for Robotic Surgery,
Imperial College). They were refined for gynaecological application in conjunction
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with Mr. Srdjan Saso for work on uterine transplantation (Department of Surgery
and Cancer, Imperial College London). The acquisition of the data with respect
to the experimental protocols, equipment provision and set-up described below
was collated by Dr. Neil Clancy.
The laparoscopic system (Figure 6.2A and 6.2B) consisted of a Liquid Crystal
Tuneable Filter (LCTF, VariSpec, Cambridge Research & Instrumentation, Inc.,
USA) that transmitted light with an average bandwidth of 15 nm across a
computer-controlled central wavelength between 400 nm and 720 nm. Light in
Inc, USA) to calculate the relative fractions of both of the above haemoglobin species
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and also to

(between
400 nm and 700 nm) was emitted by a Xenon light source (model
minimise the difference between the experimental reflectance and the predicted value. The
programme enabled both generation and display of the spectrum at each pixel of the image by storing

20133020,
Storz GmbH, Germany) which was transmitted through a fibre bundle
the intensities for all the images of what was ‘loaded-up’. Therefore, it was possible to draw the
spectrum by plotting the two variables (wavelength, intensity) for every pixel of the image because

light
into a 10 mm rigid 30-degree laparoscope (Storz GmbH,
each imageguide
was acquired and
at a knowncoupled
wavelength.
170,186,265

The instrument spatial andThe
spectral resolutions
were graft
measured. The
spatial resolution
was quantified
Germany).
tissue
was
placed
approximately 2-3 cm from the distal tip
by acquiring an image of a paper 1951 USAF test pattern (Edmund Optics, Inc., USA) (Figure 3.5). It
consists of sets of horizontal and vertical bars separated by decreasing spacings when going clockwise
of
the laparoscope (Figure 6.3, Clancy et al. 2016).
from the left bottom of the target to its centre.

A

C

B

LCTF
CCD

Figure 3.3

Objective Lens

Figure 3.4
Hyperspectral laparoscopic system consisting in a CCD camera and a LCTF attached
to a regular rigid laparoscope

Multispectral imaging laparoscope with xenon light source and control computer

Figure 6.2. Representative images of the equipment used to acquire MSI. (A)
Multispectral imaging laparoscope with xenon light source and control computer
(Saso, 2013). (B) Hyperspectral laparoscopic system consisting in a CCD
225 camera and a LCTF -attached
to a regular rigid laparoscope (Saso, 2013).

Figure 3.5

1951 USAF test patterns. This target was used to determine optical system resolution

- 226 -
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Figure 6.3. Representative image of MSI acquisition in an in vivo mouse model.
The field of view is approximately 5 cm as the distal tip of the microscope was
placed approximately 3 cm above the graft area.
Control of the camera settings was enabled via a LabVIEW (National
Instruments, UK) program. This allowed for a choice of wavelength ranges and
increments at which images could be acquired and saved. MSI is based upon the
principle that the measured reflectance spectrum at each pixel acquired is a linear
combination of the oxy- and deoxy- haemoglobin spectra. This is only possible if
three assumptions are made; 1) the dominant mechanism of light attenuation in
the field of view is absorption by blood, 2) the scattering from the light source is
assumed to be approximately constant across the wavelength range and 3) each
wavelength travels an equal pathlength in the tissue.
Oxy-haemoglobin and deoxy-haemoglobin have different absorption coefficients
at most wavelengths and can therefore be used to detect the haemodynamics of
blood circulation. Oxygenated blood is supplied continuously to the tissue while
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deoxygenated blood flows back to the heart. When blood flow in the vessels is
interrupted, the concentration of the oxy- and deoxy-haemoglobin changes,
which changes the light intensity absorbed and reflected back by the blood.
Therefore, blood supply can be monitored by measuring the change in the
intensity of the reflected light. The modified Beer-Lambert law is used to calculate
the change of the oxygenation (Kohl et al., 2000; Luo et al., 2009)
To calculate the relative fractions of both oxy- and deoxy- haemoglobin, a multiple
linear regression algorithm was applied in Matlab (The Math Works, Inc, USA).
This minimised the difference between the experimentally-measured absorbance
and the predicted value (Zuzak et al., 2002). The program enabled both
generation and display of the spectrum at each pixel of the image by storing the
intensities for all the images acquired. Therefore, it was possible to draw the
spectrum by plotting the two variables (wavelength, intensity) for every pixel of
the image.
Using the generated intensities, perfusion and oxygenation changes in the grafts
could be assessed by measuring the absorbance of light at each wavelength.
Reflected light was compared to the reflected light intensity from a calibrated
white reference standard (Spectralon; Labsphere, Inc., USA) to correct for
spectral variations introduced by the light source, imaging optics and camera,
allowing the experimental absorbance A to be calculated.
To calculate experimental absorbance A
1. Reflectance is calculated. R equals the intensity I of light reflected from the
sample over the IR intensity of the reference sample.
R= I/IR
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2. Experimental absorbance is then calculated
A =−ln R
Once the above has been calculated a model previously used to map tissue
oxygenation in the heart (Nighswander-Rempel et al., 2003) is then used to
predict A on the basis of our assumptions.
A=[HbO2]εHbO2 +[Hb]εHb +α
[HbO2] and [Hb] are fractional concentrations of oxy- and deoxy-haemoglobin
respectively, ε is the known extinction coefficient of haemoglobin and α is a
constant term accounting for scattering losses.
The above equation was solved for the three unknowns [HbO2], [Hb] and a, using
least squares regression, for each pixel location in the MSI stack. Total
haemoglobin and oxygen saturation over the field of view can then be calculated
as shown in Eq. 1 and 2:
Eq. 1 Hbt = [HbO2] + [Hb]
Eq. 2 StO2 = [HbO2]/Hbt
The linearity with exposure times was checked by acquiring images at increasing
exposure times in both left and right grafts, ensuring the peritoneal area of the
mouse was made visible. The imaging was performed (i) prior to transplantation
(peritoneal area); (ii) immediately after graft transplantation (TP) and (iii) a time
point after TP and prior graft removal. O2Sat was then calculated as the quantity
of oxyhaemoglobin which as explained above is the fraction of the sum of oxyand deoxyhaemoglobin (Clancy et al., 2016; Saso, 2013)
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Fig. 1 Flow diagram of data processing to create hemoglobin saturation Schematic
maps.
Figure 6.4.
depiction of data processing required to create

haemoglobin and oxygen saturation maps (Sorg et al., 2005).
6.2.6

Post Mortem, Histology and immunohistochemistry

Fig. 2 Flow diagram of da
expression classification im

Mice were kept alive for a maximum of 7 days. Mice were culled by cervical
dislocation and the ovarian grafts were retrieved at the time of termination
(summarised in Table 6.1). All removed grafts were immediately fixed in formalin
at room temperature for 24 hours, followed by an overnight incubation in PBS to
remove the fixative and embedding into paraffin for H&E and IHC staining. Details
of these protocols were previously described in in section 2.6 and 2.7 chapter 2.

6.2.7

Data presentation and statistical analysis

All values in the text, tables and figures are expressed as mean ± SD, unless
otherwise stated. Significance was determined by performing one- way or twoway analysis of variance (ANOVA) with Bonferroni correction for multiple
comparison post-tests (for comparisons across more than two groups), two-tailed
unpaired Student t tests (for parametric data, where comparing data between two
groups) or Mann–Whitney tests (for nonparametric data, where comparing data
between two groups). For data expressed as proportion, statistical differences
were determined using a Pearson’s Chi squared test. A p value of <0.05 was
considered statistically significant and denoted in images by ‘*’.
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6.3

Results

6.3.1

Acquisition of MSI

Imaging was possible in six of seven mice, as one mouse showed signs of
distress following anaesthesia and therefore was culled during the surgical
procedure. Images in three ROIs were acquired in each mouse. The first image
was of the peritoneum prior to transplantation of an ovarian graft. The second
image was of the graft immediately post transplantation. The final image was of
the graft prior to explanation and termination of the mouse. Images prior to graft
removal were obtained at 24 hours post transplantation in mice #2 and #3; 72
hours post transplantation in mice #4 and #5 and 1-week post transplantation in
mice #6 and #7 (summarised in Table 6.1).

Table 6.1.

Length of transplantation in each mouse assessed with MSI.
Mouse Termination time
#1

At implantation

#2

24 hours

#3

24 hours

#4

72 hours

#5

72 hours

#6

1-week

#7

1-week

The figures below show colour images reconstructed from the multispectral data
after integration under the RGB filter transmission response of a digital colour
camera. Heat map images for Hbt and StO2 are displayed using a colour scale
that ranges from ‘0’ (dark blue) to ‘1’ (bright red).
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Low

High

Figure 6.5. Representative image of the colour spectrum bar used for Hbt and
StO2 heat map images. The colour scale that ranges from low ‘0’ (dark blue) to
high ‘1’ (bright red).

Figure 6.6. Representative image of the known haemoglobin absorbance
spectral curve. The standard curve for both oxygenated and deoxygenated
haemoglobin (Sorg et al., 2005).
6.3.1.1 MSI of grafts transplanted for 24-hours
MSI images from mouse #2 and mouse #3 where tissue was grafted for 24 hours
are shown in figures 6.7 and 6.8. The images on the left are standard pictures of
the implantation site produced using a red green blue (RGB) filter. The
constructed images on the right are O2Stat maps. Images demonstrate adequate
perfusion pre-transplant with low perfusion at 24 hours.
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The pre-transplantation images show the peritoneum to be well perfused with a
high oxygen content. At 24 hours after transplantation the grafts appear to be
pale in colour and poorly perfused. This corresponds with the O2Stat heat map
images produced, where colours from the low end of the colour spectrum bar
predominate, suggesting very low tissue oxygenation. Poor perfusion is expected
at this time point as vascularisation and angiogenesis is only just beginning.
Hbt colour map images are not represented at 24 hours post implantation as the
haemoglobin signal was extremely weak and therefore undetectable by the
system. In other words, as far as the camera was concerned, the tissue was
bloodless. This was not unexpected, as the RGB images show the implants as
white. Examining the raw spectra themselves, there are no discernible features
of the haemoglobin absorption curve visible.
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Figure 6.7. MSI reconstructed from data acquired from mouse #2. Only one
graft was implanted in mouse #2. (A) Transmitted bright image with an RGB filter
of the transplantation before grafting. (B) Tissue O2Stat map of the
transplantation area before grafting. (C) Transmitted bright image produced with
an RGB filter on the ovarian graft immediately following graft transplantation. (D)
Tissue O2Stat map of the ovarian immediately following graft transplantation. (E)
Transmitted bright image produced with an RGB filter on the ovarian graft 24hours after transplantation. (F) Tissue O2Stat map of the ovarian graft 24-hours
following graft transplantation.
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Figure 6.8. MSI reconstructed from data acquired from mouse #3 Grafts were implanted on both the left and right side of the mouse. (A)
Transmitted bright image with an RGB filter of the transplantation area before grafting (left). (B) Tissue O2Stat map of the transplantation
area before grafting (left). (C) Transmitted bright image produced with an RGB filter of the ovarian graft immediately following graft
transplantation (left). (D) Tissue O2Stat map of the ovarian graft immediately following transplantation (left). (E) Transmitted bright image
produced with an RGB filter of the ovarian graft immediately following transplantation (right). (F) Tissue O2Stat map of the ovarian graft
immediately following transplantation (right). (G) Transmitted bright image produced with an RGB filter of the ovarian graft 24-hours post
transplantation (left). (H) Tissue O2Stat map of the ovarian graft 24-hours post transplantation (left). (I) Transmitted bright image produced
with an RGB filter of the ovarian graft 24-hours post transplantation (right). (J) Tissue O2Stat map of the ovarian graft 24-hours post
transplantation (right).
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6.3.1.2 MSI of grafts transplanted for 72 hours
The O2Sat and Hbt maps for mouse #4 and #5, and colour images reconstructed
from multispectral data after integration under the RGB filter transmission
response of a digital colour camera, is shown in Figures 6.9-6.12. Each set of
images is accompanied by graphs (B and C) representing the haemoglobin
absorbance spectral curve of the grafts both pre and post transplantation. At 72
hours a haemoglobin signal was detected by the system, and although the
absorbance levels vary, all graphs show an expected haemoglobin spectral
shape (as shown in Figure 6.6).

Figure 6.9. MSI reconstructed images from data acquired from the left graft of
mouse #4. (A) RGB filter, Hbt and StO2 heat maps images taken before TP,
immediately following TP and 72-hours pots TP. The green areas outline in the
RGB images are the areas of ROIs which were used to calculate the haemoglobin
absorbance spectrum curve. (B) Hbt absorbance curve immediately post TP and
(C) 72-hours post TP. Bar = 2mm.
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Figure 6.10. MSI reconstructed images from data acquired from the right graft
of mouse #4. (A) RGB filter, Hbt and StO2 heat maps images taken before TP,
immediately following TP and 72-hours pots TP. The green areas outline in the
RGB images are the areas of ROIs which were used to calculate the haemoglobin
absorbance spectrum curve. (B) Hbt absorbance curve immediately post TP and
(C) 72-hours post TP. Bar = 2mm.
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Figure 6.11. MSI reconstructed images from data acquired from the left graft of
mouse #5. (A) RGB filter, Hbt and StO2 heat maps images taken before TP,
immediately following TP and 72-hours pots TP. The green areas outline in the
RGB images are the areas of ROIs which were used to calculate the haemoglobin
absorbance spectrum curve. (B) Hbt absorbance curve immediately post TP and
(C) 72-hours post TP. Bar = 2mm.
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Figure 6.12. MSI reconstructed images from data acquired from the right graft
of mouse #5. (A) RGB filter, Hbt and StO2 heat maps images taken before TP,
immediately following TP and 72-hours pots TP. The green areas outline in the
RGB images are the areas of ROIs which were used to calculate the haemoglobin
absorbance spectrum curve. (B) Hbt absorbance curve immediately post TP and
(C) 72-hours post TP. Bar = 2mm.
6.3.1.3 MSI of graft transplanted for 1-week
The O2Sat and Hbt maps for mouse #6 and #7, along with colour images
reconstructed from the multispectral data after integration under the RGB filter
transmission response of a digital colour camera is shown in Figures 6.13-6.16.
Each set of images is accompanied by graphs (B and C) which represent
haemoglobin absorbance spectral curve of the graft both pre and post
transplantation. At 1-week post transplantation a haemoglobin signal was
detected by the system and although the absorbance levels vary all graphs show
an expected haemoglobin spectral shape (as shown in Figure 6.6).
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Figure 6.13. MSI reconstructed images from data acquired from the left graft of
mouse #6. (A) RGB filter, Hbt and StO2 heat maps images taken before TP,
immediately following TP and 72-hours pots TP. The green areas outline in the
RGB images are the areas of ROIs which were used to calculate the haemoglobin
absorbance spectrum curve. (B) Hbt absorbance curve immediately post TP and
(C) 72-hours post TP. Bar = 2mm.
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Figure 6.14. MSI reconstructed images from data acquired from the right graft
of mouse #6. (A) RGB filter, Hbt and StO2 heat maps images taken before TP,
immediately following TP and 72-hours pots TP. The green areas outline in the
RGB images are the areas of ROIs which were used to calculate the haemoglobin
absorbance spectrum curve. (B) Hbt absorbance curve immediately post TP and
(C) 72-hours post TP. Bar = 2mm.
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Figure 6.15. MSI reconstructed images from data acquired from the left graft of
mouse #7. (A) RGB filter, Hbt and StO2 heat maps images taken before TP,
immediately following TP and 72-hours pots TP. The green areas outline in the
RGB images are the areas of ROIs which were used to calculate the haemoglobin
absorbance spectrum curve. (B) Hbt absorbance curve immediately post TP and
(C) 72-hours post TP. Bar = 2mm.
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Figure 6.16. MSI reconstructed images from data acquired from the right graft
of mouse #7. (A) RGB filter, Hbt and StO2 heat maps images taken before TP,
immediately following TP and 72-hours pots TP. The green areas outline in the
RGB images are the areas of ROIs which were used to calculate the haemoglobin
absorbance spectrum curve. (B) Hbt absorbance curve immediately post TP and
(C) 72-hours post TP. Bar = 2mm.
6.3.2

Oxygen saturation (St02)

Tissue oxygen saturation (StO2) was calculated as follows:
StO2= HbO2/Hb2
This equation provides a fraction (which is multiplied by 100 to give a percentage
value) of the sum of oxy- and deoxyhaemoglobin in the regions of interests in the
tissue grafts. The fractions allow for comparison of StO2 before and after graft
implantation. In all but three of the grafts (Mouse 4L, Mouse 5R and Mouse 7L)
the StO2 appears to have increased post transplantation which would be
consistent with increased blood flow to graft following neovascularisation,
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however this result was not statistically significant (p=0.09). Summary of the
percentage of StO2 in each graft is shown in Table 6.2 and Figure 6.17.

Table 6.2. The tissue oxygen saturation (StO2) in both grafts of mice #4-#7. P
>0.05 indicating no statistical difference between the pre and post StO2.

Pre-TP

Post- TP

% change

Side

Mouse #4

Mouse #5

Mouse #6

Mouse #7

Left

79%

77%

49%

73%

Right

72%

76%

52%

61%

Left

72%

99%

55%

67%

Right

81%

72%

78%

66%

Left

-7%

22%

6%

-6%

Right

9%

-4%

26%

5%

100

StO2 (%)

80
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40
20

Pr

e
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st
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TP

0

Time of measurement
Figure 6.17. Comparison of total StO2 values in ovarian grafts pre and post
transplantation. Data is expressed as the percentage of oxygen saturation.
P>0.05 indicating no statistical difference between the StO2 pre and post
transplantation, student t- test.
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6.3.3

Spectral analysis

The mean tissue reflectance spectrum was extracted for two regions; 1. a
reference point (point on the skin near the incision) and 2. the graft location (on
the graft or the location where the graft would be attached). These two regions
were identified, manually, at each timepoint for each mouse on both the left and
right sides. They are indicated by green boxes so that the exact area of interest
used for the calculations is referenced. The time points were identified preimplantation as ‘native’ condition, immediately after implantation, (t = 0 h), and at
termination (t = 72 h/7 days).
The reflectance spectrum is a relative quantity, meaning for the same sample its
absolute values will change depending on the distance between tissue and
endoscope, strength of light source and ambient light, although its shape should
stay the same. The reference point was used to attempt correction of variation in
illumination conditions between the timepoints and allow comparison of the graft
spectra.
The results for mice #4, #6 and #7 are shown in Figure 6.18 – Figure 6.23.
Results for mouse #5 have been omitted as excess bleeding in the surrounding
area precluded identifying the corresponding locations at termination. Using
images with excessive bleeding would therefore confound analysis of the images.
The reference spectra (left panel) show strong (but not perfect) spectral overlap
for each timepoint show. This is the expected result as they should all correspond
to the same physical location on the mouse’s skin.
If perfusion to the graft increases over time as expected the graft spectra (right
panel) should show the lowest reflectance at the ‘native’ (blue) time point, as it is
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always visibly well-perfused (high blood volume = high light absorption). The ‘0 h’
(red) time point should have the highest reflectance as the graft has just been
implanted and contains no blood (low blood volume = low light absorption). The
’72 hour/7-day’ time point (green) should display reflectance between the other
two time points, as we expect neovascularisation to occur which would result in
some blood flow. Any flow of blood would lead to higher absorption than at ‘0 h’,
but not as high as at ‘native’. These expected results were only clearly illustrated
in the graft spectral curve of the left graft of mouse #4 (Figure 6.18).

182

Chapter 6

Left graft of mouse #4

Figure 6.18. Spectral analysis of images acquired in mouse #4 (left). (A- C)
Green boxes identifying both the reference and graft regions at all the three MSI
acquisition timepoints. The reference spectra on the left shows spectral overlap
for the reference area at all three acquisition timepoints. The graft spectra on the
right illustrates lowest light reflectance when MSI acquisition was taken at the
native time point, the highest light reflectance when MSI acquisition was at 72hour post transplantation and light reflectance between these two acquisitions
points is evident when MSI acquisition took place at the time of TP. These results
correspond to expected outcome if tissue Hbt and StO2 increases over the time
of transplantation.
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Right graft of mouse #4

Figure 6.19. Spectral analysis of images acquired in mouse #4 (right). (A- C)
Green boxes identifying both the reference and graft regions at all the three MSI
acquisition timepoints. The reference spectra on the left shows spectral overlap
for the reference area at all three acquisition timepoints. The graft spectra on the
right illustrates joint lowest light reflectance when MSI acquisition occurred at
native and 72-hours post transplantation. The highest light reflectance was
shown to be when MSI acquisition was at the time of implantation.
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Left graft of mouse #6

Figure 6.20. Spectral analysis of images acquired in mouse #6 (left). (A-C)
Green boxes identifying both the reference and graft regions at all three
timepoints. The reference spectra on the left shows spectral overlap for the
reference area at all three acquisition timepoints. The graft spectra on the right
illustrates lowest light reflectance at native MSI acquisition. The highest light
reflectance was observed at MSI acquisition at implantation and following 1-week
of transplantation.

185

Chapter 6

Right graft of mouse #6

Figure 6.21. Spectral analysis of images acquired in mouse #6 (right). (A-C)
Green boxes identifying both the reference and graft regions at all three
timepoints. The reference spectra on the left shows spectral overlap for the
reference area at all three acquisition timepoints. The graft spectra on the right
illustrates lowest light reflectance at native MSI acquisition. Highest light
reflectance was observed when MSI acquisition occurred 1-week post
transplantation.
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Left graft of mouse #7

Figure 6.22. Spectral analysis of images acquired in mouse #7 (left). (A-C)
Green boxes identifying both the reference and graft regions at all three
timepoints. The reference spectra on the left shows spectral overlap for the
reference area at all three acquisition timepoints. The graft spectra on the right
illustrates lowest light reflectance 1-week post transplantation. Highest light
reflectance was observed to be equally high following MSI acquisition at native
and implantation.
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Right graft of mouse #7

Figure 6.23. Spectral analysis of images acquired in mouse #7 (right). (A-C)
Green boxes identifying both the reference and graft regions at all three
timepoints. The reference spectra on the left shows spectral overlap for the
reference area at all three acquisition timepoints. The graft spectra on the right
illustrates lowest light reflectance 1-week post transplantation. Highest light
reflectance was observed to be equally high following MSI acquisition at native
and implantation.
6.3.4

The effect of transplantation time on follicle density and stage of
development

Ovarian follicles were identified in all transplanted ovarian tissue grafts. Overall
there were significant differences in the mean follicle density across all grafts (F
(6, 24) = 98.01, p<0.001), Table 6.3). When compared to the untransplanted
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tissue there was an increase in primordial follicle density over time (p<0.05) and
the largest primordial follicle density was found in tissue transplanted for 7 days
(63.66 ± 8.96 follicles/mm2, p<0.05). Although there was a trend for increased
primary follicle density over time, these results were not significant (p>0.05). In
contrast the density of secondary follicles appeared to decrease with time,
however these results were also not significant (p>0.05).

Table 6.3. Summary of the follicle density at time points post transplantation.
Data was standardised by calculating follicle density by evaluating the number of
follicles per square millimetre of ovarian tissue. Data is presented as average (±
standard deviation). P <0.05 indicating a statistically significant difference in
follicle density.
Primordial Follicles

Primary Follicles

Secondary Follicles

Mean ± SD

Mean ± SD

Mean ± SD

Control

91.33 ± 2.08

6.33 ± 6.11

1.67 ± 2.08

24 hours

8.00 ± 2.65

0.33 ± 0.577

1.00 ± 0.00

72 hours

35 ± 1.73

3.66 ± 1.53

1.00 ± 1.73

63.66 ± 8.96

4.33 ± 2.08

0.67 ± 1.15

Time Post TP

7 days
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Figure 6.24. The effect of transplantation time on total follicle density in retrieved
xenografts. Data was standardised by calculating follicle density by evaluating
the number of follicles per square millimetre of ovarian tissue and is presented
as the mean ± SD. ***p<0.001 indicates statistical significance between the time
point and control; one-way ANOVA, Bonferroni multiple comparisons test.
6.3.5

The effect of transplantation time on tissue apoptosis

Early apoptosis was detected with immunohistochemical analysis of active
caspase-3 (ASP175). A total of 502 follicles were counted and scored for ASP175
positivity across all grafts. The proportion of follicles demonstrating positive
staining for caspase-3 was significantly different across all time points (p<0.001).
The mean percentage of follicles staining positively for caspase-3 was
significantly higher in tissue transplanted for 1-week (75%, p<0.001).
DNA strand breaks, a sign of late apoptosis, was assessed using the TUNEL
assay. A total of 494 primordial follicles and 11 primary follicles were analysed.
All follicles from the explanted ovarian tissue were negative for TUNEL
regardless of the time the graft had remained in the mice. Only a few isolated
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endothelial cells were TUNEL-positive. None of the negative controls showed any
TUNEL-positive signals, while TUNEL staining was observed in the positive
controls. As none of the follicles assessed had developed beyond the preantral
stage, the lack of TUNEL-positive cells is consistent with previous investigations
(Bedaiwy et al., 2003; Demirci et al., 2002; Martinez-Madrid et al., 2007).
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Figure 6.25. The effect of transplantation time on follicle apoptosis. Data is
expressed as a percentage of the total number of follicles positive for cleaved
caspase-3/total number of follicles scored. Proportion of follicles for each time
point which did not stain positively for cleaved caspase-3 (grey) compared to the
proportion of follicles which did stain positively for cleaved caspase-3 (black).
***p<0.001 indicating statistical significance between the time points; Pearson
Chi squared test.
6.3.6

The effect of transplantation time on vessel density

The mean vessel densities (Table 6.4) appeared to be significantly different
across all three time points (F (3,8) = 15.57, p<0.001). The mean vessel density
increased with time and the greatest density was found in grafts retrieved after 7
days (3.66 ± 0.57, p<0.001). Grafts retrieved at 24 hours were not significantly
different from the ungrafted control (1.33 ± 0.79, p=0.685).
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Table 6.4
Vessel density in the xenografts retrieved. Data is presented as
average (± standard deviation), range (min – max) and 95% CI (lower-upper). P
<0.05 indicating statistical difference between the treatment groups.
Vessel Density (%)
Time post TP

Mean

SD

Range
(min-max)

95% CI

Control

0.92

0.79

0.12-1.7

(-1.00-2.90)

24 hours

1.3

0.23

1.10-1.6

0.77-1.99

72 hours

2.4

0.41

2.10-2.9

1.40-3.40

7 days

3.7

0.57

3.0-4.0

2.30-5.10

Vessel Density (%)
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Figure 6.26. The effect of transplantation time on vessel density of retrieved
xenografts. Data is expressed as a percentage of the total number of
vessels/mm2. Data was standardised by calculating vessel density and is
presented as the mean ± SD. *p<0.05, **p<0.005 indicates statistical significance
between the time points; one-way ANOVA, Bonferroni multiple comparisons test.
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6.4

Discussion

Laparoscopic MSI is known to be an imaging system capable of tracking changes
in tissue oxygenation intra-operatively in both anastomosis of the bowel and
uterine transplantation (Clancy et al., 2015; Clancy et al., 2016). Monitoring
perfusion and oxygenation allows accurate and timely evaluation of the surgically
treated organ or tissue. Adjustments to either the surgical field of the treated
organ can be in made in real time if reperfusion is insufficient. The decision to
investigate the use of MSI in the ovarian tissue transplantation is supported by
experimental data from work in bowel anastomosis and uterine transplantation,
which are also highly susceptible to ischemia,
In bowel and uterine models, MSI outcomes were validated against
corresponding oxygen measurements obtained through blood gas analysis or
pulse oximetry and histology (Saso, 2013; Clancy et al., 2015). To determine if
MSI could be used on ovarian tissue, StO2 and Hbt values were compared
against follicle and vessel density, which are established markers of ovarian
tissue quality and tissue vascularisation (Kim et al., 2004; Nisolle et al., 2000;
Van Eyck et al., 2010).
Unlike in other organ and tissue models where MSI has been a successful intraoperative tool, we found it ineffective in monitoring Hbt and StO2 in ovarian tissue
transplants. The histological and immunohistochemical data did not corroborate
the results from the spectral imaging. Over the course of the seven days, vessel
density increased in the ovarian tissue indicating that angiogenesis was
occurring, and the blood supply was re-establishing.
The increase in vessel density over time is in accordance with results from
previous studies in which avascular transplantation of ovarian tissue took up to
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48 hours to begin to revascularise (Dissen et al., 1994), and almost seven days
to develop functional blood vessels (Israely et al., 2006).
Contrastingly, the increase of follicle density over time is an interesting
phenomenon inconsistent with most other ovarian tissue vascularisation studies.
However, this unique occurrence was also noted in the work of Israely et al.,
2006.
However, the number of follicles positive for apoptosis increasing over time
suggests that although follicle density is increasing, the quality of these follicles
is likely suboptimal as programmed cell death is occurring. This is not surprising
as damage to the tissue which subsequently leads to follicle degeneration and
increased apoptosis occurs during the initial days following transplantation when
blood flow to the tissue is restricted (Van Eyck et al., 2009).
The discrepancy between the increasing follicle density and rising level of
apoptotic follicles could be explained by the morphological assessment being
subjective. Although only morphologically normal follicles were counted, it is up
to the assessor’s discretion as to what is considered normal or atretic. This further
highlights the necessity for an assessment tool which is based on objective
measurements and is automatically implemented.
As perfusion increases to the graft, we would expect an increase in light
absorption from the spectra in the field of view. An ideal spectral curve would
indicate highest light absorption in the image taken prior to grafting as the
peritoneal area imaged should reflect a high relative blood volume. The lowest
light absorbance would be shown in the image taken immediately following
avascular implantation as there is no blood flow. The image taken prior to graft
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removal should display an absorbance in-between the previous images as we
would expect the graft to have begun to vascularise and blood flow to resume.
However, the expected results were only illustrated in the graft spectral curve of
the left graft of mouse #4.
The StO2 for the left graft of mouse #4 did increase between implantation and
tissue removal which would suggest that the spectral curve generated was
accurate. However, the StO2 also increased in 5 other mice images despite their
spectral curves not reflecting the increase in oxygenation. Moreover, the StO2 in
left graft of mouse #7 decreased by 6%, despite histological and
immunohistochemical results indicating that there was increased blood flow to
the tissue.
The contradictory results between the established methods of analysis and the
MSI results suggest that MSI is as yet unable to successfully measure
intraoperative oxygen saturation of transplanted ovarian tissue.

6.4.1

Summary

The structure of ovarian tissue differs greatly from both the uterus and bowel,
where favourable MSI outcomes were reported (Clancy et al., 2015; Saso et al.,
2018). As described in earlier chapters, only the cortex of the ovary is
cryopreserved and transplanted. The cortex is only a few millimetres thick and
almost

translucent

in

appearance

which

is

essential

for

successful

cryopreservation (Gosden et al., 1994; Bastings et al., 2016).
The failing of MSI in ovarian tissue is likely due to the small and thin nature of the
graft. It is probable that illumination by the laparoscope penetrated the bloodless
tissue and interacted with the peritoneal wall (the site of implantation). As the
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current MSI prototype is not designed to consider depth resolution, the measured
signal returned to the camera was likely the absorbance spectrum of both the
graft and the background (peritoneum).
Additionally, while revascularisation did occur, changes in the surface of both the
tissue (adhesions and small amounts of bleeding) and the underlying peritoneum
(inflammation) masked new vessel growth that might have been found in the
graft. While these changes are to be expected in any surgical field, their effects
on the light absorbance signal were magnified as a result of the tissue size.
This might have been improved by using a microscope-type set up instead of a
laparoscope. The microscope would allow for more control over the spatial
resolution in the region of interest. However, given that the depth of light
penetration is not clear, there would still likely be interference from any surface
changes to the tissue or underlying blood flow in the implantation site.
As the size of the tissue and the proportion of change in the blood flow expected
is considerably smaller than in other models, other optical techniques may
provide more accurate results in ovarian tissue.
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Chapter 7
General Discussion

OTC-TP brings hope to cancer patients and to those with premature ovarian
failure. However, despite the evidence to support the feasibility and efficacy of
OTC-TP, there are still unresolved procedural limitations to its success. Of
primary concern is the massive follicular loss which occurs following freezing and
in the early post grafting period. Ovarian tissue is currently grafted without
vascular anastomosis causing the graft to experience a period of hypoxia and
ischemia lasting up to five days while angiogenesis occurs (Campos et al., 2011;
Demeestere et al., 2015; Ma et al., 2017).
The overall aim of this work was to investigate ways of optimising OTC-TP by
improving graft revascularisation in an effort reduce tissue damage caused by
the delay in re perfusion of the graft. A biocompatible polymer, alginate, and a
dominant growth factor, VEGF, were evaluated to determine if including them in
the OTC-TP protocols would improve tissue quality and subsequent follicular
survival post avascular implantation. Successively, the way in which VEGF was
delivered to the tissue was also explored to establish if the mode of delivery might
also play a part in improving blood flow to the tissue.
Established methods of tissue assessment such as morphological and
immunohistochemical analysis were employed in addition to a novel biomedical
photonic, MSI. The parameters detected using MSI include Hbt and StO2, which
allows for in situ monitoring of the tissue status.
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7.1

The effect of pre-freezing encapsulation of ovarian
tissue with alginate on angiogenesis and follicle density

Embedding the tissue in alginate prior to freeze-thawing was hypothesised to
have a cryoprotective effect on the tissue resulting in improved follicle survival
and tissue viability. Alginate encapsulation of cells with a low cryotolerance is
known to offer a protective effect during freezing (de Pablo and Palecek, 2004).
This has been repeatedly demonstrated in a range of cell types (Aoki et al., 2005;
Kusano et al., 2008), including isolated primordial follicles (Camboni et al., 2013).
Although primordial follicles exhibit cryoresistant properties as a result of their
low metabolic profile (Shaw et al., 2000a), alginate encapsulation of primordial
follicles prior to freeze-thawing has been shown to be beneficial to the cell
structure (Camboni et al., 2013). Accordingly, embedding ovarian cortical tissue
in alginate prior to freeze-thawing was anticipated to be advantageous and limit
potential cryoinjury.
The results from this thesis confirmed that encapsulation of ovarian tissue in
alginate hydrogels prior to freeze- thawing reduces apoptosis and follicle damage
in cryopreserved and transplanted ovarian tissue (Chapter 3 & 5). It is thought
that the alginate is able to regulate the dehydration process by restricting the
movement of solutes through the cell membrane, reducing the formation of
intracellular ice crystals and limiting the damage to ovarian cells caused during
freezing (Fuller and Paynter, 2004; Pegg, 2007).
Enhanced angiogenesis was evident when ovarian tissue was pre-treated with
alginate prior to xenotransplantation. We hypothesize that as gelation of the
polymer around the tissue reduces the movement of extracellular water across
the membrane, it limits the damage to capillary bed and extracellular matrix that
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can occur following cryopreservation (Vanacker et al., 2012). Subsequently,
when the tissue is later transplanted, initiation of angiogenesis is enhanced as
the vascular supply is not damaged (Pegg, 2007).
Interestingly, in all experiments very few follicles were found beyond the primary
stage of development when the tissue had been pre-treated with alginate. The
properties of alginate such as stiffness and density of the matrix influences the
various cellular components within the follicle in different ways (West et al., 2007).
There are varied reports in the literature regarding the optimal hydrogel rigidity
and concentration for encapsulation of isolated follicles. The alginate must be stiff
enough to maintain the 3D structure of the follicle but soft enough to allow for
oocyte growth and development (Vanacker and Amorim, 2017). Reduced
stiffness, (0.25-0.5% alginate) is thought to better support follicles at antral stages
of folliculogenesis (Songsasen et al., 2011). Contrastingly, matrices of 1-2%
alginate are preferred when used to isolated early stage follicles (Brito et al.,
2014; Sadeghnia et al., 2016).
Ovarian tissue is embedded with follicles at all stages of development. However,
the cortex, predominately houses primordial follicles. Therefore, throughout this
work a concentration of 1% alginate was chosen in an attempt to support the
earlier stage follicles. While we saw promising results, further investigation is
required to optimise the rigidity and concentration of sodium alginate used to
encapsulate ovarian tissue. In particular the growth, differentiation, and viability
of the follicle supporting cells should be explored.
In addition to the cryoprotective role of alginate, the hydrogel was investigated as
an alternative method of administering VEGF to promote vascularisation
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following OTC-TP. Using alginate gels to promote vascularisation through
localised release of growth factors such as VEGF has been widely examined in
other tissue regeneration studies (Anderson et al., 2017; Gu et al., 2004; Jay and
Saltzman, 2009).
The results showed that various of concentrations of VEGF could be successfully
loaded into a 1% alginate bead, and the cumulative release of the growth factor
quantified over a period of seven days (Chapter 4). Higher concentrations of
VEGF caused increased initial burst rates, which then led to lower sustained
delivery over the seven days.
An effort to further refine the VEGF encapsulation yield and its subsequent effect
on ovarian tissue engraftment is a necessary follow up study if alginate is to be
used to deliver the growth factor. A balance between improving blood vessel
formation without impeding follicular development still needs to be determined.

7.2

The effect of VEGF of on angiogenesis and follicle
density

Implementing the use of growth factors to improve ovarian tissue survival has
been shown to enhance angiogenesis. The first live birth following transplantation
of ovarian tissue frozen- thawed and treated with platelet rich plasma (Callejo et
al., 2013), has advanced the use of growth factors beyond the initial experimental
phase.
The initiation of blood vessel formation following transplantation is vital for the
success of the avascular ovarian tissue transplant as blood flow to the issue
enables the cells in the ovary to obtain oxygen, nutrients and substances required
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for hormone synthesises crucial for optimal function and folliculogenesis
(Kaczmarek et al., 2005; Martelli et al., 2017).
VEGF specifically, stimulates vascular endothelial cell survival, proliferation,
migration and differentiation. It is considered one of the most potent angiogenic
growth factors and is also known to play a role in follicular development due to
its expression in the ovary by both granulosa and theca cells (Geva and Jaffe,
2000).
Despite VEGF being crucial to angiogenesis (Ferrara et al., 2003), studies in
ovarian tissue have predominantly prioritised evaluating its role in follicular
development (Araújo et al. 2011; Commin et al. 2012; Henry et al. 2015).
Experiments in this work (Chapter 3 and Chapter 4) were designed primarily to
appraise VEGF outcomes on angiogenesis in OTC-TP, with positive
supplementary effects exerted on folliculogenesis being an additional benefit of
using this particular growth factor. The methods used to administer VEGF, and
the concentration at which it was most effective, was also determined, as
therapeutic delivery of VEGF into a host environment is currently limited by its
short 90 minute half-life (Lazarous et al., 1996). Clinical administration involves
repeated administration at high concentrations which can be counterproductive
to its application. Successful culturing of ovarian tissue would be a relatively
straightforward way to ensure the ovarian tissue is adequately exposed to
localised VEGF while at the same time mitigating the potential harmful side
effects of undesired vascularisation which can occur following bolus delivery
(Ennett et al., 2006).

201

Chapter 7

Quantifying vascularisation following the administration of this exogenous growth
factor was calculated by determining vessel density using immunohistochemical
detection of vWF expression of endothelial cells. In ovo grafting revealed limited
improvement to the vasculature of tissue cultured with VEGF and did not improve
follicle survival rates. Contrastingly, in vitro culture of ovarian tissue with
empirically

increasing

concentrations

of

VEGF,

revealed

the

highest

concentration in culture 15 ng/ml, was most beneficial to increasing
vascularisation in the tissue samples.
However, a concentration of 15ng/ml, while beneficial for vessel development
was detrimental to the ovarian follicles. It is thought that higher doses of VEGF
are toxic to the ovaries and may even be detrimental to the vessel structure. Both
fresh and frozen-thawed tissue cultured with 5 ng/ml of VEGF demonstrated
follicle survival rates comparable to those of the fresh controls. Additionally, the
vessel density at this concentration in the frozen-thawed tissue generated a
higher mean vessel density when compared to the samples cultured with
increased concentrations. Although these results were not significant, it suggests
that 5 ng/ml supplemented in the culture medium may be the most advantageous
concentration for both the vessel density and follicle survival.
These results are informative but have limited bearing on the effects in vivo. The
protein release profile of VEGF in vivo is expected to differ as the implanted
environment is not as controlled. This work therefore serves as preliminary
starting point for future work in an in vivo model.
Our culturing methods were based on previous work by Langbeen et al., 2016
Their results showed no difference in the angiogenesis profile of tissue cultured
with VEGF for 24 hours. They assumed that the growth factor would diffuse
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through the tissue, stimulating the endothelial cells of the vasculature.
Contrastingly, Labied et al., 2013 found improved angiogenic capacity when
ovarian tissue is encapsulated with VEGF in a collagen matrix. Their positive
results justified evaluating the release profile of VEGF from an alginate bead in
vitro (Chapter 4).
In order to conclusively determine the viability of using alginate hydrogels to
deliver VEGF further investigations are required. These experiments should be
done in an in vivo model to ensure more robust translational data is generated.
Comparing effects of both isolated encapsulated follicles at various stages of
development, and cortical ovarian tissue would be a more comprehensive way of
establishing an optimal concentration of VEGF.

7.3

The use of MSI to monitor ovarian tissue graft
vascularisation in situ

To evaluate the use of novel biomedical photonics to monitor Hbt and StO2 in
xenografted ovarian tissue, multi spectral images of the ovarian graft pre and
post

xenotransplantation

were

taken.

The

intention

was

that

these

measurements would allow for in situ observation of the ovarian tissue
revascularisation. However, the MSI data when analysed could not be verified by
validated histological and immunohistochemical evaluations.
Using laparoscopic MSI to monitor post-transplant vascularisation is supported
by experimental data in other organs (Clancy et al., 2015; Clancy et al., 2016).
Most significantly, in the uterine transplantation model (Saso et al., 2018), a
gynaecological fertility sparing surgery. Uterine transplantation is also intended
to preserve the fertility of women with gynaecological cancer or whose uterus is
damaged following gonadotoxic therapy.
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The success of MSI in uterus, and in other organs, can be attributed to the
surgical anastomosis of the organ during transplantation (Brännström, 2015).
When compared to the small, almost transparent ovarian tissue grafts, other
organs are larger, resulting in an increased area for multispectral reflectance and
three dimensional surface imaging through which the light can be absorbed and
subsequent measurements calculated (Clancy et al., 2015).
The lack of success in using MSI to monitor ovarian tissue vascularisation could
also be as a result of the experimental design. Cryopreserved ovarian tissue was
xenografted for a maximum of seven days so to comply with the project license
(Appendix F). However, the evidence in the available literature indicates a
minimum hypoxic period of five days prior to the progressive reoxygenation as
neovascularisation occurs (Van Eyck et al., 2010). As MSI in the ovarian tissue
model were acquired at 24 hours, 72 hours and 1-week post transplantation, it
may have been too early for this technology to detect a notable change in Hbt
and StO2, especially given the reduced size of the tissue.
Further optimisation of MSI is required if it is to be successful monitoring
technique in ovarian tissue grafting. In the first instance, adapting the
experimental procedure and leaving the grafts for an extended period would
enable a more rigorous assessment of the current equipment set up.
Alternatively, a substitute fibreoptic instrument likened to a microscope, may
better be able to detect the small-scale changes that are occurring as the ovarian
tissue perfuses.

7.4

Conclusions

Researchers in the field of OTC-TP are predominantly focused on improving
outcomes through enhanced angiogenesis by reducing tissue ischemia (Labied
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et al., 2013; Nisolle et al., 2000; Van Eyck et al., 2010). The inevitable posttransplant ischemic period is thought to be more deleterious than cryoinjury (Lee
et al., 2016).
The gold standard for evaluating OTC-TP is a successful pregnancy after
transplantation, but there have been too few cases to judge the reliability of
current protocols. The overall aim is to maximise follicle survival and development
given the direct, quantitative relationship expected between the size of the follicle
reserve and the number of menstrual cycles generated after transplantation.
As such, histological evaluation of stored tissue is routinely carried out to count
follicles and score the proportion that are a damaged, often using live and dead
cell stains. However, while useful, these techniques are limited and unable to
really reveal the extent, character or location of the damage occurring in the
tissue. While follicle conservation is crucial, other outcome measures should be
considered.
Moreover,

as

the

clinical

success

continues

to

grow

using

current

cryopreservation protocols, there is little effort being made to improve and refine
and optimise the freeze- thaw methods. This programme of work suggests that
damage initiated by freeze-thawing is further enhanced by the reduced blood
supply following transplantation. Consequently, enabling a more rapid onset of
functional vessel formation and earlier revascularisation of the transplant is
crucial, yet there is still a need for further development of currently used
cryopreservation and thawing protocols.
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Appendix M- Human Ovarian Tissue Experiment
Introduction
Cryopreservation of ovarian tissue with alginate in the bovine model showed
promising outcomes. However, this has not yet been investigated using human
tissue. Therefore, this experiment was carried out as a pilot study to provide
preliminary data which can be used to support the need for further development
in the field.

Methods
Experimental design
Previously collected human ovarian tissue biopsies (6 paired samples) were
used. Each biopsy was cut in two, resulting in a total of 12 tissue pieces. Prior to
freeze-thawing one tissue piece from each biopsy was encapsulated in alginate.
The tissue pieces were kept as a paired sample so that both the individual effects
of alginate and VEGF can be evaluated.
Three paired biopsies were cultured with 5ng/ml of VEGF and the remaining 3
biopsies cultured without supplemented VEGF to act as controls (see Figure 1).
Given the earlier work suggests 5ng/ml as the most effective in for follicle
conservation when compared to 10ng/ml and 15ng/ml, used as comparisons in
the bovine model.
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Frozen- Thawed
n=6

CM supplemented
with 5ng/ml VEGF
n=3

CM without VEGF
n=3
Human tissue biopsy

Encapsulated in
alginate + FrozenThawed
n=6

5ng/ml VEGF
n=3

CM without VEGF
n=3

Figure 1. Schematic depiction of the experimental design.

Human tissue collection and processing
This method has been described in section 2.5 of chapter 2.

Alginate encapsulation
This method has been described in section 2.5 of chapter 2.

Cryopreservation of ovarian tissue
This method has been described in section 2.4 of chapter 2.

Thawing of ovarian tissue
The biopsies were thawed using a rapid thaw protocol. The cryovials were
removed from LN2 and quickly rewarmed by immersion in a water bath at 37°C
for two minutes. The tissue then underwent sequential washing to remove any
excess cryoprotectant.
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Alginate chelation
Following thawing, alginate was dissolved. The alginate matrix was dissolved by
washing beads in a 1:1 mixture of EDTA and UW. The UW used to dilute the
potential toxicity of the EDTA. EDTA is necessary to scavenge the Ca2+ ions in
the alginate and enable the alginate to depolymerise.

Culturing of ovarian tissue
The cortical pieces of ovarian tissue were incubated with 500 µl of medium in 6well culture plates for 24 hours at 38oC and 5% CO2. The control medium (CM)
incorporated MEM + glutamine (Life Technologies) supplemented with PenicillinStreptomycin (100 ng/ml, Life Technologies), a mixture of Insulin, Transferrin and
Selenium (ITS, 0.01 µg/ml, 0.55 µg/ml and 6.7 ng/ml respectively, SigmaAldrich), BSA (1.25 mg/ml, Sigma-Aldrich) and follicle stimulating hormone (FSH,
50 ng/ml, Sigma- Aldrich). The experimental medium (CM + VEGF) included 5
ng/ml of human VEGF (Abcam). Tissue pieces were cultured for 72 hours. The
media was replaced every 24 hours.

Histology and immunohistochemistry
Follicle counts, follicular apoptosis and blood vessel quantification was carried
out using methods that have been described in section 2.6 and 2.7 of chapter 2.
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Results
Effect of alginate and VEGF in tissue culture treatment on follicle density,
distribution and viability in human ovarian tissue
Follicles were identified and counted across in all grafts. Encapsulation in
alginate and culturing with VEGF did not significantly influence the overall follicle
density and stage of development in the human ovarian tissue grafts. A summary
of follicle density across all treatment groups are shown in Figure 1.2 (F (6, 24)
0.50, p>0.05).
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Figure 2.
Effect of alginate encapsulation prior to cryopreservation and VEGF
in tissue culture treatment on follicle density and developmental stage. The effect
of alginate (frozen- thawed vs Alg + frozen- thaw) and VEGF culture treatment (5
ng/ml) has on follicle density at various developmental stages. Data was
standardised by calculating follicle density and evaluating the number of follicles
per millimetre of ovarian tissue. P>0.05 indicating no statistical difference
between the treatment groups; two-way ANOVA, Bonferroni multiple
comparisons test.
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However, encapsulation in alginate did result in fewer damaged follicles (F (2,
24) 4.40, p<0.05) and reduced atresia (p<0.001) in tissue cultured with and
without VEGF. A summary of follicle density across all treatment groups are
shown in Figure 1.3 (F (2, 24) 4.40, p<0.05).
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Figure 3.
The overall effect of alginate encapsulation and VEGF on follicle
viability. (A) The effect of tissue treatment of intact vs damaged follicles. Data
was standardised by calculating follicle density by evaluating the number of
follicles per millimetre of ovarian tissue. *P<0.05 indicating statistical difference
between the treatment groups; two-way ANOVA, Bonferroni multiple
comparisons test. (B) The effect of tissue treatment on follicular apoptosis. Data
is expressed as a percentage of the total number of follicles positive for cleaved
caspase-3/total number of follicles scored. ***P<0.001, indicating statistical
significance between the treatment groups; Pearson Chi squared test.
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Effect of alginate and VEGF in tissue culture treatment on vessel density
in human ovarian tissue
The mean vessel densities were significantly different across all treatment
groups, a summary of vessel density across all treatment groups are shown in
Figure 1.4 (F (3,8) = 21, p<0.001). The mean vessel density increased, as
expected when the tissue was exposed to VEGF in culture both in tissue pretreated with alginate and without. The highest mean vessel density was observed
in cortical tissue pieces pre-treated with alginate and cultured with VEGF
(4.07±0.35).
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Figure 4. The effect tissue treatment on vessel denstiry. Data was standardised
by calculating vessel density and is expressed as a percentage of the total
number of vessels. Data is presented as the mean ± SD, *p<0.05, **p<0.005,
***p<0.001 indicates statistical significance between treatment groups; one-way
ANOVA, Bonferroni multiple comparisons test.
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Discussion
In earlier work using bovine tissue, we demonstrated that microencapsulation
with alginate prior to cryopreservation and transplantation reduced follicular
apoptosis. Results from the present study using human ovarian tissue, also show
the benefit of alginate encapsulation prior to freeze-thawing. It is thought that the
alginate helps to maintain connections between the follicular cells and the oocyte,
preserving the 3D structure of the follicles. Studies have shown that gap junctions
between follicular cells and the oocyte, which are crucial for follicular
development, are disrupted through the cryopreservation and thawing process
(Carabatsos et al., 2000). Through gelation, alginate may be enabling the
maintenance of these gap junctions reducing consequential loss of 3D follicle
integrity. Moreover, encapsulating ovarian tissue in alginate prior to freezing
ensures reduced exposure to CPAs thereby preventing damage that might be
caused their toxicity.
However, in both the human and bovine models, the chosen outcome measures
are only able to evaluate the quality of the cells and tissue through morphological
evaluation and viability. While these are commonly used in this field of research,
they are limited. Just because a follicle appears morphologically normal, does
not necessarily mean it is metabolically active.
A recent study, noted the use of a glucose assay to quantitively assess damage
to ovarian tissue following freeze-thawing (Bastings et al., 2016). Their work
found no significant association between the level of glucose uptake and follicle
viability. They explained that the glucose assay is designed to reflect the viability
of the stromal cells of the follicle and not necessarily the oocyte.
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Stromal cells are largest contributing cell type of the ovarian cortex and are
crucial for neovascularisation following transplantation (Demeestere et al., 2009).
Yet, these cells are at greatest risk of cryodamage following freeze-thawing (Kim
et al., 2004; Sanfilippo et al., 2015).
Exposing the human tissue to VEGF was expected to increase the vessel density
of the tissue and successively allowing for increased nutrition and oxygen
delivered to the follicles and reduce atresia. However, overall, fewer follicles were
identified in tissue cultured with VEGF, even though when alginate and VEGF
were used in combination, vessel density was greatest. This is in accordance
with the results from work done with bovine tissue, which suggests alginate
provides a cryoprotective role to the tissue vasculature as well as to the follicles.
However, this study was limited by the small sample size and restricted funding.
Yet it serves as a preliminary investigation for which future studies using human
ovarian tissue. Further work includes using a metabolic assay to determine the
viability of ovarian stromal or granulosa cells following encapsulation in alginate
and/or exposure to VEGF in culture. Moreover, in vivo xenografting of human
ovarian tissue exposed to these treatment groups would assure a more
comprehensive analysis on the effects of VEGF on engraftment and its
successive effects on follicle development.
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