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1. Introduction

The ultimate aim of ovarian cryopreservation research is naturally to increase the
effectiveness of this fertility preservation procedure in female cancer victims and much of
this research on whole ovary cryopreservation, ovarian cortex cryopreservation and
transplantation has been performed in animal models. However, ovarian cryopreservation
could also be used in the future in programs with the purpose to rescue endangered species
(Santos et al., 2010) and certain specific strains of animals (Dorsch et al., 2004). Due to the
ethical barriers in the research on human tissue and the shortage of human premenopausal
ovarian tissue for research purposes, there is a need to find animal models that are
reasonably analogous to the human. As a general rule, animal models have to be
comparable in biochemical, physiological and anatomical characteristics to the human so
that the results can be applicable to human conditions (VandeBerg, 2004). Regarding
research of ovarian cryopreservation for human fertility preservation, a similar tissue
architecture and size of the ovary (Table 1) as well as being a mono-ovulatory species with
the primordial follicles located superficially in the cortex would be of advantage (Gerritse et
al., 2008). The previous research on ovarian cryopreservation using bovine, porcine, sheep
and non-human primate models will be presented in this chapter.

Species Ovarian volume Tissue architecture Ovulation pattern Cydle/length
(days)
Cow 14.3 (+/-5.7) cm? Similar to the Mono, di- 1
(Gerritse et al. 2008) human ovulatory
. 7.3 (+/-2.2) cm? Less fibrous than .
Pig (Gerritse et al. 2008) the human ovary Multi ovulatory 18-24
1.0 (+/-0.4) cm3 Similar to the Mono, tri-
Sheep (Gerritse et al. 2008) human ovulatory 16-17 (Seasonal)

Non-human
primate 0.258 (+/-0.159) cm3®  Similar to the
(cynomolgus (Jones, 2011) human
macaque)

Mono-ovulatory 28-32

Table 1. Ovarian characteristics of different large animal models
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2. Cow

Cow ovaries may be used in research on ovarian cryopreservation. They are much larger
(14.3+/- 5.7 cm3) (Gerritse et al., 2008) as compared to the human, but on the other hand the
tissue architecture is similar. The function (Yang&Fortune, 2006) and the structure
(Rodgers&Irving-Rodgers, 2010) of the bovine ovary has been extensively studied. Also, the
granulosa cells and the extracellular matrix of bovine follicles of various developmental
stages are well described (Lavranos et al., 1994; Irving-Rodgers et al., 2006).

There exist one report of avascular ovarian transplantation in the cow after cryopreservation
by vitrification using a solution consisting of 20% ethylene glycol (EG) and 20%
dimethylsulphoxide (DMSO) in TCM-199 medium (Kagawa et al., 2009). In this study,
vitrification was performed using the Cryotissue method (Kagawa et al., 2007), where the
ovarian cortex was positioned on a thin metal strip that was plunged into liquid nitrogen
(LN) and inserted into a protective container for storage in LN. Rapid post-thaw warming
was done with immersion of the metal strip into TCM-199, supplemented with sucrose at
40°C followed by washing in the identical solution but with decreasing sucrose
concentration. After warming, the tissue was grafted subcutaneously to the neck or
orthotopically to oophorectomized cows, and resumed cyclicity was seen in both groups
within two months. Histological analysis of grafted tissue showed normal morphological
appearance and about 80% viability among preantral follicles, as demonstrated by
fluorescent staining. These results may be regarded as encouraging towards clinical
application of the vitrification procedure for ovarian cortex cryopreservation.

In another study, aimed towards in vitro follicle maturation of bovine follicles, slow-frozen
bovine ovarian cortical pieces were incubated after thawing for durations between 1 and 48
h (Paynter et al., 1999). The major finding was that the thawed tissue had a capacity to
recover from damage during the subsequent incubation period. This idea was further
utilized in later research, where bovine ovarian cortical pieces were cultured for six days
followed by isolation of secondary follicles and culture in the presence of inhibin
(McLaughliné&Telfer, 2010) showing significant estradiol (E2) secretion and oocytes growth
up to a diameter > 100 pm.

The notion that antioxidants may enhance survival of frozen-thawed tissue was studied
using bovine ovarian cortex (Kim et al., 2004). After cryopreservation by slow freezing with
1.5 M DMSO, bovine ovarian cortex was in vitro cultured for periods up to 48 h in minimal
essential medium (MEM) with or without ascorbic acid. Interestingly, there was no
difference between the two groups in apoptosis rate evaluated by terminal deoxynucleotidyl
transferase dUTP nick end labelling test (TUNEL) or deoxyribonucleic acid laddering.
Nevertheless, protective effects by ascorbic acid were seen in stromal cells that were
cultured for 24 h. In addition, this study also demonstrated that stromal cells are more
susceptible to damage mechanisms than primordial follicles, which is a finding also
observed in frozen-thawed human ovarian tissue (Gook et al., 1999; Hreinsson et al., 2003).
The model of supplementation of antioxidant agents to the cryoprotectant (CPA) should be
investigated further.

The toxic effect of various concentrations and types of CPAs that are frequently used for
slow freezing was compared using bovine ovarian cortical strips (Lucci et al., 2004; Celestino
et al., 2008). Among other CPAs, DMSO at 1.5 M and 3 M were evaluated in both studies.
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While the study by Celestino and colleagues (Celestino et al., 2008) showed increased
toxicity with rising concentration of DMSO, the other study (Lucci et al., 2004) showed
slightly higher proportion of normal follicles in the 3 M DMSO group when assessed by
conventional histology. However, ultrastructural analysis by transmission electron
microscopy (TEM) revealed some irregularities in the cytoplasm of granulosa cells when 3
M DMSO was applied (Lucci et al., 2004).

There is one study on bovine ovarian cortical strips comparing slow freezing with
vitrification and this study demonstrated higher efficiency of slow-freezing (Gandolfi et al.,
2006). Furthermore, another study also demonstrated advantages of the slow-freezing
method as compared to vitrification, when bovine ovarian cortical pieces were used, but on
the other hand an advantage of the vitrification method was seen when whole ovaries with
vasculature were used as the model system (Zhang et al., 2011). In the latter study, the
effectiveness of the different cryo techniques was evaluated by Trypan blue test, histology as
well as E2 and progesterone levels obtained from supernatant after in vitro culture of the
tissue. The same research group (Zhang et al., 2011) performed controlled-rate slow freezing
with DMSO of whole bovine ovary and compared different cooling rates and ice seeding
temperatures. The cooling rate of 0.2°C/min and ice seeding temperature of -5°C showed
superiority in comparison to different combinations of the cooling rates of 2°C/min and
0.1°C/min and the ice-seeding temperatures of -2°C, -5°C and -8°C.

Additionally, one study on bovine ovarian tissue was designed to evaluate the effect of the
thickness of the ovarian cortex strip on follicular morphology after incubation for 20 min
and slow freezing with 1.5 M propylene glycol (PROH) (Ferreira et al., 2010). Ovarian cortex
pieces of 10 x 3 mm, with a thickness of either 2 or 4 mm, were compared and considerably
higher proportion of normal follicles were found in the 2 mm group compared to the 4 mm
in both fresh and cryopreserved tissue. This result may be explained by superior tissue
impregnation with CPA in the 2 mm group, but the exact mechanisms remain to be clarified.

3. Pig

The pig is a species that has been used in biomedical research, particularly regarding
development and training of surgical techniques for later use in the human. The
reproductive cycle of the pig lasts for 18-24 days and generally 8-15 oocytes are released
from each ovary at ovulation (Soede et al., 2011). The size of the pig ovary is about 7.3 (+/-
2.2) cm? (Gerritse et al., 2008), which is comparable to the human ovarian size of 6.5 (+/- 2.9)
cm3 (Munn et al., 1986). The equal ovarian size of the sow and human female, as well as the
possibility to get fresh pig ovaries from slaughterhouses, renders the pig as a good model
for ovarian cryopreservation research. Nevertheless, a fairly low number of studies in this
area with the pig ovary as an experimental model have been performed, as shown below.

One recent study on pig ovarian tissue evaluated whether the size of ovarian cortical pieces
is important for the cryopreservation outcome (Jeremias et al., 2003). Cortical strips were all
of 1T mm thickness but either 1x1 mm or 5x1 mm in surface area. The pieces were
cryopreserved by slow freezing in 1.5 M DMSO and after rapid thawing the size of the
surviving primordial follicle pool, was compared to fresh tissue (1x1 mm) (Jeremias et al.,
2003). The freezing method was uncontrolled-rate freezing with the cryovials containing
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ovarian tissue were placed in a freezer at -20°C for 30 min followed by plunging in LN
vapor for 30 min and then stored in LN. The results of the experiment showed similar
density of primordial follicles of the 5x1x1 mm group as compared to the fresh tissue, while
lower number of primordial follicles was observed in the small (1x1 mm) frozen-thawed
pieces. It was not further discussed why the larger pieces were more resistant to cryoinjury.

In one study, using porcine ovarian cortex samples, programmed slow-freezing was
performed with four different CPAs (glycerol (GLY)-10%; DMSO-1.5 M, EG-1.5 M, PROH-
1.5 M) (Borges et al., 2009). The ovarian cortex pieces were incubated after thawing, and
histological analysis, including light microscopy and TEM, demonstrated that the follicular
viability was decreased after freezing with better results obtained by DMSO and EG as
compared to PROH and GLY. This result correlates to that pregnancies in the human so far
only have been demonstrated after ovarian cryopreservation in either DMSO or EG as CPAs
(Donnez et al., 2004; Andersen et al., 2008). However, it should be emphasized that species
differences exist in this regard, as demonstrated in a comparative study between ovarian
cortex of human, bovine and porcine ovarian tissue (Gandolfi et al., 2006). In that study,
Gandolfi and colleagues study showed that DMSO and PROH were equally effective to
protect primordial and primary follicles of the pig ovary to cryoinjury and the pig ovarian
tissue was also more resistant to cryoinjury as compared to the bovine and the human
ovarian tissue.

The pig model was also used to study vitrification procedures (Gandolfi et al., 2006;
Moniruzzaman et al., 2009). In one study, ovarian strips from 15-day old pigs, were vitrified
using 15% EG, 15% DMSO and 20% fetal calf serum with addition of either 0 M, 0.25 M or
0.5 M sucrose (Moniruzzaman et al., 2009). Histological evaluation after warming showed
higher percentage of healthy primordial follicles when CPA solution with 0.25 M sucrose
was applied as compared to 0 M and 0.5 M solution. Moreover, the higher oocyte shrinkage
was observed with the sucrose supplementation of 0.5 M and these results can be explained
by unsatisfactory cell dehydration without sucrose as well as to excessive dehydration at 0.5
M sucrose. In one study, xenografting of vitrified ovarian tissues under the kidney capsule
of nude mice was performed (Moniruzzaman et al., 2009). Histological evaluation, two
months after grafting, revealed decrease of the primordial follicle density by around 20% in
both fresh and vitrified grafts, but in the vitrified grafts, the follicles did not developed
beyond the secondary stage. Hence, it may be that follicular development is disturbed after
vitrification or that a follicular stage dependant developmental blockage is incurred by
cryoinjury. Another study using pig ovarian cortex demonstrated low survival rate of
primordial follicles with either EG or a combination of EG and DMSO as CPA (Gandolfi et
al., 2006)

The pig ovary has been used in one study of whole ovary cryopreservation (Imhof et al.,
2004). The ovary was perfused through the ovarian artery with 1.5 M DMSO and
cryopreserved with a slow freezing protocol. Light microscopy evaluation after thawing at
25°C demonstrated a lower proportion of viable primordial follicles in the frozen-thawed
ovaries (84%) as compared to fresh controls (98%). Furthermore, about 20% of healthy
primordial follicles were seen when the ovaries were positioned directly into LN without
previously perfusion with CPA. Noteworthy is that TEM did not demonstrate any major
cellular difference between the fresh and frozen-thawed tissue.
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4. Sheep

A variety of in vivo and in vitro sheep models have been used in research on both ovarian
cortex cryopreservation and whole ovary cryopreservation, most probably due to the large
knowledge about the physiology of the sheep ovary. In addition, the sheep ovary has,
similarly to the human ovary, a collagen-dense outer stroma containing the pool of
primordial follicles (Arav et al., 2005). Nevertheless, the size of the sheep ovary is only
around 20% of the human premenopausal ovary (Munn et al., 1986; Gerritse et al., 2008) and
this fact has to be taken into consideration, particularly in comparative studies concerning
whole ovary cryopreservation.

The pioneering study in ovarian cryopreservation was published in 1994 by the Edinburgh
group (Gosden et al., 1994), where live births (Table 2), after ovarian cortex cryopreservation
and transplantation in a large experimental animal, were reported for the first time. In fact,
this study opened up the field for future clinical fertility preservation and this is also
accentuated in its conclusion by stating “that frozen storage and replacement of a patient’s
own ovarian tissue might be practicable when fertility potential is threatened by
chemotherapy/radiotherapy”. The cryopreservation protocol applied in that study has
subsequently been widely used in research and clinical practice, often with minor
modifications. It should be emphasized that this slow freezing-thawing protocol was
adapted from a study on cryopreservation of mouse primordial follicles (Carroll&Gosden,
1993) and the authors also wrote that they “have no evidence whether it is optimal”. In the
Gosden study, ovarian cortex pieces were positioned in cryovials with Leibowitz L-15
solution containing donor serum and 1.5 M DMSO and the cryovials were held on ice for 15
min. The ovarian cortex strips were then considered equilibrated in the CPA and cooled in a
programmable freezer at a rate of 2°C/min to -7°C and maintained at -7°C for 10 min before
seeding. Freezing was performed further by reducing the temperature at a rate by
0.3°C/min to -40°C following by 10°C/min until -140°C before plunging into LN. Thawing
was performed by exposure of frozen tissue to air temperature for 2 min and then placed in
a water bath at room temperature for an unspecified time. The frozen-thawed slices were
attached adjacent to the left ovarian pedicle at the second laparoscopy of the sheep. High
progesterone level four months later indicated reestablished normal cyclicity. Eight months
after grafting, one sheep gave birth and one more lamb was delivered by Cesarean section at
gestational age of about 144 days.

In a follow up study the authors reported that the longevity of the transplants was at least
22 months, but at that time very few primordial follicles were found in the graft (Baird et al.,
1999). The levels of follicle-stimulating hormone (FSH) and luteinizing hormone (LH) in
animals which had received grafts were higher as compared to controls. However, all
grafted animals demonstrated normal cyclical pattern. These findings were corroborated by
the lower levels of inhibin, indicating reduced number of inhibin-producing small antral
follicles. In the second part of the study Baird and colleagues grafted both fresh and frozen-
thawed ovarian pieces under the kidney capsule of nude mice to assess whether the
freezing-thawing procedure per se or if the warm ischemic time post transplantation was
the main reason for loss of the follicle pool already within two years. A follicular depletion
of about 65% was seen after grafting of fresh tissue as compared to fresh non-grafted
ovarian tissue. Additionally 7% was lost after transplantation of frozen-thawed pieces. Thus,
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this study demonstrated that ischemia rather than cryopreservation is the main cause of
follicle depletion.

Reference ()t;r;r:laen Cryopreservation Cryoprotectant Transplantation  Results
1.5 M DMSO in 2 live births
Gosden et Cortical Slow freezin Leibovitz L-15 Avascular, out of 6
al. 1994. pieces & with 10% donor orthotopic
transplants
calf serum
11 live births
(of which 3
sheep
Salle etal. Hemi- 2M DMS(.) n d.ehvered
) . BM1 medium Avascular, twins) out of
2002, Salle ovarian  Slow freezing . 0 :
with 10% fetal orthotopic 6 transplants;
etal. 2003. cortex
cord serum 2 sheep
delivered for
the second
time
2.62 M DMSO
+2.6 M
Hemi- acetamide+1.3M 4 live births
Bordes et ovarian Vitrification propylene Avascular, (1 twins) out
al. 2005. glycol+0.0075 M orthotopic of 6
cortex
polyethylene transplants
glycol in BM1
medium
1.5 M DMSO in
Imhof et al. Whole . RPOMI 1640 with Vascular, 1live birth
2006 ovar Slow freezing  10% autologous orthotopic out of 8
) Y sheep blood P transplants
serum

DMSO- dimethylsulphoxide; RPMI-Roswell Park Memorial Institute medium.

Table 2. Live-births after transplantation of cryopreserved ovarian tissue in large animal
models

Depletion of the major follicular pool during the ischemic post grafting period was also
demonstrated in a recent study in the sheep, where fresh and frozen ovarian cortical tissue
were grafted either subcutaneously in the anterior abdominal wall or the uterine horn
(Aubard et al., 1999). The cryopreservation procedure was a slight modification of the
original Gosden method (Gosden et al., 1994). About 5% of primordial follicles survived
grafting at evaluation after seven months. No pregnancy was demonstrated, but mature
oocytes were retrieved after gonadotropin stimulation. In addition, poor fertilization rate
and cleavage arrest at 4 cells were recorded in oocytes from both fresh and frozen ovarian
tissue. These results open up the issue of about cytoplasmatic maturation as well as quality
of the oocytes from grafted and frozen-thawed tissue.
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In other studies, a larger part of sheep ovaries, containing also parts of the medulla, were
evaluated regarding viability after cryopreservation and avascular transplantation (Salle et
al., 1998). In that study, the ovarian tissue was cryopreserved using the slow freezing
technique published by Gosden (Gosden et al., 1994). Transplantation was performed to the
ovarian hilus. At evaluation after six months, well preserved morphology with follicles of all
stages was demonstrated (Salle et al., 1998) and progesterone secretion was reestablished
(Salle et al., 1999). The same research group reported live births (Table 2) after
cryopreservation and avascular transplantation of hemi-ovarian cortex (Salle et al., 2002).
However, the cryoprotocol had been slightly modified using higher concentration (2 M) of
DMSO and the temperature was decreased by a rate of 2°C/min to -35°C followed by
25°C/min to -140°C. Semiautomatic seeding was initiated at -11°C. Orthotopic
transplantation was performed. Four out of six ewes achieved pregnancy of which two
delivered twins. The remaining four ewes were observed further for two years (Salle et al.,
2003). All animals became pregnant (Table 2) and delivered lambs of which two sheep gave
birth for a second time. Noteworthy is that considerable loss of follicles was seen in all
grafts. The results of this study also emphasizes that the avascular transplantation per se
induces major damage to the tissue.

In one study, vitrification of sheep hemi-ovaries was performed with the VS1 CPA solution,
containing 2.62 M DMSO, 2.60 M acetamide, 1.31 M PROH and 0.0075 M polyethylene
glycol in BM1 medium (Bordes et al, 2005). The ovarian tissue was equilibrated in
increasing concentration of VS1 (12.5%, 25%, 50% and 100%) and then placed in cryovials
containing 100% of VS1 followed by direct plunging into LN. The vitrified tissue was
warmed in water at 37°C for 10 min. Notably, regained cyclicity was shown four months to
one year after grafting and 3/6 sheep delivered offspring (Table 2). However, histological
evaluation of the graft after delivery revealed very few follicles (6-58 follicles per graft).

A group from the Cleveland Clinic performed microvascular fresh ovary transplantation in
the sheep (Jeremias et al., 2002) and soon after published their results after
autotransplantation of the whole cryopreserved ovary applying the identical surgical
technique (Bedaiwy et al., 2003) with comparison of the outcome to avascular grafting of
frozen-thawed cortical pieces (frozen with Gosdens protocol). The whole ovaries were
flushed by a solution consisting of Leibowitz L-15 medium, 10% fetal calf serum and 1.5 M
DMSO and then allocated to controlled-rate freezing. The temperature was reduced at
2°C/min until seeding temperature of -7°C. Further reduction of temperature was done at
2°C /min until -35°C followed at by 25°C /min until -140°C when cryovials were positioned
into LN. At thawing, the cryovials were placed in a water bath at 37°C. After that, the
ovaries were flushed with Leibovitz L15 medium containing 10% fetal calf serum for 20 min
followed by end-to-end anastomosis between the ovarian and the inferior epigastric vessels.
Immediate vascular patency was showed in all grafts, but only 27% of the whole ovary
transplants showed patent blood vessels eight to ten days after transplantation. Histological
evaluation demonstrated large necrotic areas in the grafts of the non-patent anastomosis
group and the primordial follicle pool was severely reduced in that group as compared to
the patent group. Also, severe injuries with focal transmural necrosis of intraovarian vessels
may be regarded as a cryoinjury of the vasculature. The follicular viability, evaluated by
Trypan blue test, was around 80%, in the cortical avascular transplantation and the patent
whole ovary transplantation group, with a slightly higher rate of apoptotic cells in the whole
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ovary group. It should be emphasized that this study evaluated only short-term (8-10 days)
results.

The long-term outcome, using the same microsurgical technique as described above, was
assessed in a study of ovarian viability approximately five months after transplantation of
frozen-thawed ovaries (Grazul-Bilska et al., 2008). A similar cryoprotocol was applied as in
the earlier experiments (Bedaiwy et al, 2003) and the only difference was that the
temperature from the seeding point was decreased by the rate 0.3°C/min until -40°C in
contrast to 2°C/min until -35°C in the previous study. Histological evaluation revealed
normal follicular development in only 25% of the transplanted ovaries. Furthermore,
oocytes (n=3) from the larger follicles could be matured, but fertilization was not achieved.
The vessels of the patent grafts appeared normal, with expression of marker proteins such
as factor VIII, vascular endothelial growth factor (VEGF) and smooth muscle cell actin
(SMCA). In view of the fact that the normal follicular development was seen in only 25% of
the transplanted ovaries, and that mature oocytes did not fertilize, the study points to that
major improvements in the fields of whole ovary cryopreservation and retransplantation are
needed.

Main advances in the whole ovary cryopreservation field may be to optimize the freezing
technique and also to improve the anastomosis technique as evaluated by an Israeli research
group (Revel et al.,, 2004). After perfusion via the ovarian artery with 1.4 M DMSO in
University of Wisconsin (UW) solution for 3 min, the sheep ovary was cryopreserved by the
directional freezing technology. This technique provides identical cooling rate through the
whole organ and allows constant cooling rate. The temperature was decreased by a rate of
0.6°C/min until seeding and 0.3°C/min to the temperature of -30°C before placement in LN.
Rapid thawing was accomplished by placement of the cryovials into a water bath at 68°C for
20 s and 37°C for 2 min. The ovary was transplanted by microvascular anastomosis to an
orthotopic site by end-to-end anastomosis to the remaining parts of the ovarian vessels.
Cyclicity was demonstrated in three out of eight animals at around six months after the
procedure. At laparotomy eight weeks after surgery, adhesions were seen in only one
animal. In a follow up study, presenting long-term outcome of this technique (Arav et al,,
2005), three animals demonstrated cyclicity two to three years after transplantation. Oocytes
obtained from these animals could be parthenogenically activated with divisions until the 8-
cell stage. In an extensive long-term follow up study (6 years) of the three whole ovary
transplanted sheep (Arav et al, 2010) two of the ovaries responded to gonadotropin
stimulation and these ovaries were normal at post mortem histological evaluation. The third
sheep did not respond to FSH stimulation and histology revealed a fibrotic ovary and
absence of follicles. The importance of this study is that cryopreserved whole ovary can
survive for a long time and indicates beneficial effect of directional slow-freezing method.
Nevertheless, it should be pointed out that the ultimate end point of healthy offspring has
not been demonstrated by the use of this cryopreservation technique.

There is only one report on live-birth after whole ovary cryopreservation and vascular
transplantation in sheep (Imhof et al., 2006). In that study, the ovaries were cryopreserved
using the protocol of Gosden and coworkers (Gosden et al., 1994), but naturally the ovaries
were cannulated and perfused with CPA before controlled-rate slow-freezing. Thawing was
done by exposure of the frozen ovaries in air for two minutes followed by placement in a
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water bath at 25°C for seven minutes and perfusion by Roswell Park Memorial Institute
medium (RPMI) to remove CPA. Transplantation was performed after removal of the
contralateral ovary and the frozen-thawed ovary was orthotopicaly transplanted using
microvascular (9-0 sutures) anastomosis to the ovarian vessels which is a comparable
technique to that described by the Israeli group (Arav et al., 2005). Cyclicity was reported in
four out of nine transplanted sheep. Importantly, one pregnancy occurred in this resulted in
delivery of a healthy lamb around 1.5 years after grafting. At histological examination of
ovaries 18-19 months after transplantation, the size of the primordial follicle pool was only
2-8% of that in non transplanted control ovaries. The authors discussed that the major
follicular loss occurred during the freezing-thawing procedure. However, this suggestion
relied on results of histological assessment, which is probably an unreliable method to
evaluate viability and should be combined with other methods. Nevertheless, this single
large animal species live-birth after whole ovary cryopreservation is a proof of the concept,
which should encourage further research in this area.

It is of considerable importance to recognize the mechanisms behind the low success rate of
whole ovary cryopreservation and also to understand what cell compartments are affected
by the cryopreservation and thawing procedures. It seems that the follicular survival and
the ovarian function are directly correlated to the vascular patency, as demonstrated in one
elegant study of heterotopic autotransplantation of the frozen-thawed whole ovary (Onions
et al., 2009). The CPA and freezing protocols were similar to the traditional Gosden protocol
(Gosden et al., 1994) and the microvascular anastomosis was by aortic patch and utero-
ovarian vein to carotid artery and jugular vein, as developed more than 40 years ago
(Goding et al., 1967). The control group was the animals which received non-frozen
heterotopic transplants. Eight months after transplantation, 7/8 cryopreserved transplants
and 3/4 fresh ovarian transplants demonstrated patency. However, regardless of vascular
patency, 5/7 frozen-thawed ovaries with vascular patency did not regain cyclicity and eight
months after transplantation, a follicular loss of about 90% was seen in both the fresh and
frozen group. A possible damage of endothelial cells during cannulation was discussed as
one detrimental factor.

In vitro studies of vitrification of the whole sheep ovary preceded the trials in vivo. It was
demonstrated in an elaborate study that the whole sheep ovary could be vitrified and that
the V5S4 cryoprotectant solution (mixture of 2.75 M DMSO, 2.76 M formamide and 1.97 M
PROH) was superior to the VS1 solution (mixture of 2.62 M DMSO, 2.60 M acetamide, 1.31
M PROH and 0.0075 M polyethylene-glycol) (Courbiere et al., 2005). After thawing, the
higher primordial follicular density (50% vs 23%) as well as proportion of histologically
normal primordial follicles (53% vs 25%) was demonstrated in theVS4 group. However, it
should be underlined that endothelial damage of the vascular pedicle was more evident in
the V54 group.

In a subsequent study by the same research group, the thermodynamic properties of V54 in
RPS-1 medium were studied (Courbiere et al., 2006). Evaluation of the cooling rate was done
by differential scanning calorimeter by connection of the thermocouples to the ovarian
cortex, the medulla and the CPA solution. The rate of cooling was above 300°C/min, with
the measured cooling rate of the cortex being slightly higher than that of the medulla.
Furthermore, the cooling rate of the CPA solution was higher in comparison to the ovarian
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medulla and cortex. This finding may be explained by differences in tissue architecture and
vascularity of the ovary that leads to uneven distribution of the CPA. Results of this study
also pointed out that it is not likely that the ovarian tissue can be completely vitrified at the
end of the procedure. Ice crystallization during warming was also observed, indicating that
the warming rate did not exceed the critical warming rate. Nevertheless, in contrast to the
former study (Courbiere et al, 2005), injury of the endothelial layer of the ovarian
vasculature was not demonstrated which possibly may be the result of the two-step-
warming procedure to avoid ice crystallization (Pegg et al., 1997) as used in this study
(Courbiere et al., 2006).

The same research group demonstrated in a subsequent study that the warming rate of the
cortex was slightly higher than the medulla (Baudot et al., 2007). This corroborates the
irregular distribution of CPA as well as complexity of the ovarian tissue. As in the previous
study (Courbiere et al., 2005), a primordial follicle survival rate of about 50% was
demonstrated after warming. In addition, ice crystals were observed during the cooling and
the authors discussed that maybe limited ice crystallization can be acceptable for clinical
application of this procedure.

Subsequent to the in vitro research on whole ovary vitrification, as described above
(Courbiere et al., 2005; Courbiere et al., 2006), the efficiency of this method in vivo was
assessed. In one study only one out of five vitrified-warmed ovaries resumed endocrine
function (Courbiere et al., 2009) after orthotopic vascular transplantation. Vitrification was
obtained using V54 solution (2.75 M DMSO, 2.76 M formamide and 1.97 M PROH) in RPS-1
medium and the ovaries were perfused by gradually increasing concentrations of CPA. At
warming, the ovaries were kept in LN vapor following by placement in a water bath at 45°C.
The rationale behind this two-step warming was to attempt to avoid fractures of the vessels
during the glassy state (Pegg et al., 1997). A total follicular loss in the vitrified group was
demonstrated one year after transplantation. Vascular thrombosis occurred in three out of
four vitrified ovaries, with patent vessels seen in the fresh group. One possible explanation
may be that the warm ischemic time was longer in the vitrified group (median 287 min) in
comparison to the control group (median 129 min) although it is more likely that major
injuries occurred during the cryopreservation procedures.

It is obvious from the results presented above that there is a need for more systematic
studies on the different stages of cryopreservation/transplantation procedures to get better
results. As it relates to whole ovary cryopreservation, the viability and ovarian function
should be evaluated after each stage of the procedure.

The effect of diverse cryoprotocols with accent of CPA toxicity was studied using the sheep
hemiovary model (Demirci et al., 2001). The hemiovaries were incubated for 10 minutes in
various concentrations (2-10 M) of DMSO and PROH and evaluated before and after slow-
freezing-thawing (1, 1.5 and 2 M CPAs) concerning primordial follicle survival (Trypan blue
test and histology). The follicular survival after incubation was higher at decreasing
concentration of the CPA regardless of the type of CPA.

In vitro ovarian perfusion methodology, which was initially developed for evaluation of
ovarian physiology (Brannstrom et al., 1987), may be used for evaluation of frozen-thawed
ovaries (Fig. 1). The in vitro perfusion system highly mimics the physiological in vivo
situation, and has shown that a complex processes, such as ovulation, occur during in vitro

www.intechopen.com



Review on Ovarian Cryopreservation in Large Animals and Non-Human Primates 197

perfusion (Lofman et al., 1989). Recently, in vitro ovarian perfusion was used together with
live-dead assay, histology and cell culture to assess the viability of frozen-thawed whole
sheep ovaries (Wallin et al., 2009). The ovaries were frozen by slow uncontrolled-rate
freezing (Martinez-Madrid et al., 2004) using PROH, stored in LN and then thawed in a
water bath at 37°C. The in vitro perfusion results demonstrated compromised ovarian
function of the ovary after cryopreservation in PROH, when compared to fresh controls.
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Perfusion
chamber
Gas
humidifier

~—H
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5% CO2 syringe
i Oxygenator

reservoir

Rollerpump

Fig. 1. Schematic drawing of the in vitro perfusion system

In another study of the same research group, the sheep ovaries were cryopreserved using
the same uncontrolled-rate slow freezing with DMSO (Milenkovic et al., 2011). The ovaries
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in control group were frozen without CPA. Interestingly, steroid production after in vitro
perfusion (Fig. 2) and cell culture was also demonstrated in control group which can be
explained by adequate equilibration between cell dehydration and extracellular ice
formation. However, a clear benefit of DMSO presence was seen.

Fig. 2. Photograph of the in vitro perfusion apparatus

As discussed above, cryopreservation injury may not only occur within the follicles but also
in the vascular bed of the ovary or in the large vessels. It was hypothesized that perfusion
with the anti-apoptopic agent sphingosine-1-phosphate (S-1-P) before cryopreservation-
perfusion by 1.5 M DMSO (Onions et al., 2008) may protect the tissue and diminish the
cryoinjury. Histological examination after thawing showed arterial endothelial disruption of
the vascular pedicle tissue in the cryopreserved ovaries, with the most extensive injury in
the area where the cannula had been placed, followed by the hilus region and with less
extensive injury on the venous side. No protective effect of the addition of sphingosine-1-
phosphate could be demonstrated. In summary, this study was able to demonstrate the
vulnerable state of the vasculature in whole ovary cryopreservation especially on the arterial
side. It was also shown by proliferation and apoptosis markers that granulosa cells of antral
follicles remain viable after cryopreservation.

5. Non-human primates

A number of non-human primate species have been used in research involving reproductive
physiology and development of methods later used clinically in reproductive medicine. The
benefit of these experimental animals is that the physiology and anatomy are similar to the
human (Stevens, 1997; Weinbauer et al., 2008), although the ovarian size of the most studied
cynomolgus monkey is considerably smaller (0.258+/- 0.159 c¢m3) (Jones et al., 2010) as
compared to the human. Even if a lot of procedures are introduced in the human without
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appropriate tests in non-human primate species, it is advisable to include these animal
models in preclinical research.

There is one study on non-human primate that has assessed the function of cryopreserved
ovarian cortex tissue in vivo. The ovarian pieces were cryopreserved by controlled-rate
freezing with 1.5 M DMSO and both fresh and frozen-thawed strips were grafted
subcutaneously to the upper arm of cynomolgus macaque monkeys (Schnorr et al., 2002).
Regained menstrual cycle and ovarian steroidogenesis were demonstrated in 80% of the
animals after fresh ovarian cortex transplantation and in 50% of the animals after
cryopreserved transplants, demonstrating that the cryopreservation technique may have
damaging effect on the tissue. Additionally, only one mature oocyte was aspirated from
subcutaneous ovarian tissue after gonadotropin stimulation performed in four animals. In
the other part of this study (Schnorr et al., 2002) an attempt to enhance angiogenesis was
performed by local administration of VEGF for two weeks after grafting, but no beneficial
effect could be demonstrated.

There is one study on ovarian cortex from macaques when vitrification (3.4 M GLY, 4.5 M
EG) and slow freezing (1.5 M EG) were compared and evaluated whether post-thawing co-
culture on feeder cells (mouse fetal fibroblast monolayer) with addition of follicle
stimulating hormone, insulin, transferrin and selenium, would increase viability (Yeoman et
al., 2005). The post-thaw viability, as assessed by live-dead fluorescent staining, was
comparable (around 70%) in the two groups, which was only marginally lower than the
follicular viability of the fresh tissue (76%). Interestingly, follicular viability was increased
after post-thawing co-culture, indicating rescue of partly damaged follicles and possible
beneficial effect of co-culture.

In another study on ovarian cortex tissue of rhesus macaques, controlled-rate slow-freezing
with 1.5 M EG was done and expressions of activin subunits as well as the phosphorylated
form of the signalling protein were investigated (Jin et al., 2010). Activin subunits and the
phosphorylated form of the signalling protein are markers for early follicular development.
Immunohistochemistry revealed that these proteins were regularly distributed in primordial
and primary follicles of both cryopreserved and fresh cortex. One interesting finding was
that a higher rate of post thawing apoptosis was found in the stromal cells as compared to
oocytes and granulosa cells. Another recently published study was able to demonstrate
follicular development after in vitro three dimensional culture of cryopreserved secondary
follicles from rhesus macaque (Ting et al., 2011). The ovarian cortex from rhesus macaque
was cryopreserved by slow freezing (1.5 M EG) and vitrification (3 M GLY and 4.5 M EG).
After thawing, the secondary follicles were mechanically isolated, encapsulated in 0.25%
alginate and cultured for five weeks in MEM at 37°C. The development of antral follicles,
although delayed and functionally compromised as compared to fresh tissue was
demonstrated after both cryopreservation methods with slightly better results obtained after
vitrification in comparison to slow freezing protocol. This observation again supports the
need for further improvement of cryopreservation techniques.

6. Conclusions

Regardless pioneering success and reporting pregnancies after cryopreservation and
avascular transplantation of ovarian tissue in human (Donnez et al., 2011) the future course
regarding cryopreservation of ovarian tissue should be focused on further research using
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animal models. The size of ovarian cortex pieces, whole ovary freezing or not, choice and
exposure time to CPA, stepwise or direct addition of CPA are some of the unresolved
questions. The difference between species, complexity of ovarian tissue and uneven
distribution of primordial follicles should be taken into consideration when creating an
optimal study design. Vitrification seems promising, but differences between the protocols
used make the interpretation of the data difficult. However, further research on animal
models should lead to better understanding and improvement of cryopreservation
techniques and then to higher efficiency, when used as a clinical procedure.
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