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ABSTRACT

Context. Ovarian tissue cryopreservation is effective in preserving fertility in cancer patients who
have concerns about fertility loss due to cancer treatment. However, ischemia reduces the lifespan
of grafts. Microvascular transplantation of cryopreserved whole ovary may allow immediate
revascularisation, but the damage incurred during the cryopreservation procedure may
cause follicular depletion; hence, preventing chilling injury would help maintain ovarian function.
Aim. This study was designed to investigate the beneficial effects of antifreeze protein lIl (AFP III)
on rabbit ovary cryopreservation. Methods. Ovaries (n = 25) obtained from 5-month-old female
rabbits (n =
supplemented with and without | mg/mL of AFP Ill. The experiment was divided into five groups:

13) were frozen by slow freezing and vitrification. Cryoprotectant media were

fresh control group (F), slow freezing group (S), slow freezing group with AFP Il (AFP III-S),
vitrification group (V) and vitrification group with AFP Il (AFP Ill-V). All groups of ovaries were
examined by histological characteristics analysis, ultrastructural analysis, apoptosis detection and
follicle viability test. Key results. With slow freezing, the normal rate of change in follicle
morphology, density of stromal cells and the survival rate of follicles in the AFP Ill supplemented
group were significantly higher than those in the non-supplemented group, and a lower oocyte
apoptotic rate was shown in the AFP [ll supplemented group. In the vitrification groups, the
normal rate of change in follicle morphology and density of stromal cells in the AFP IlI
supplemented group were significantly higher than those in the non-supplemented group, and a
lower oocyte apoptotic rate was found in the AFP Ill supplemented group. But there was no
obvious difference in the survival rate of follicles between the two groups. There was also no
significant difference in the normal rate of change in follicle morphology, the survival rate of
follicles and the apoptotic rate of oocytes between the vitrification and slow freezing groups
(P > 0.05), but the density of stromal cells in the vitrification groups was statistically higher than
that of the slow freezing group (P < 0.05). Conclusions. The addition of AFP Il in slow
freezing and vitrification could improve the cryoprotective effect of ovaries, which was more
evident in slow freezing. Implications. The findings of this study provide a foundation for
further research on the effects of AFP IIl in human ovarian tissue.

Keywords: antifreeze protein Ill, cancer patients, cryopreservation, infertility, reproduction, slow
freezing, vitrification, whole ovaries.

Introduction

With the rapid development of chemotherapy and radiotherapy, the survival rate of cancer
patients is greatly improved compared to the past, but unfortunately both chemotherapy
and radiotherapy can cause decreased ovarian function or ovarian failure due to
depletion. Therefore, fertility preservation of women of reproductive age with cancer is
considered as one of the important goals for tumour treatment.

There were some advantages of cryopreservation of ovarian tissue such as preserving
reproductive endocrine function of female patients without delaying tumour treatment,
and it is the only method of fertility preservation for pre-puberal girls (Petru 2010). In
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recent years, nonvascular grafting of both slow-frozen
(Practice Committee of American Society for Reproductive
Medicine 2014) and vitrified (Donnez et al. 2004) ovarian
cortex has permitted healthy births. However, a cessation
of the function is seen in most cases within 6-9 months
after retransplantation (Schmidt et al. 2005). The limited
amount of tissue in combination with the extended ischemic
period may explain the short lifespan of the graft (Zhang et al.
2011). In a study of sheep ovarian tissue, it was found that
60-70% of follicles were lost after transplantation but only
7% of the loss was dependent on the cryopreservation
procedure itself (Baird et al. 1999). Thus, the major loss
seems to occur during the warm ischemic period, probably
extending over several days until neovascularisation has
restored the blood flow to the grafted tissue.

In theory, cryopreservation of intact ovary followed by
autologous transplantation using microvascular anastomosis
could achieve an immediate blood supply to maximise graft
survival. Spontaneous pregnancy after transplantation of an
intact frozen-thawed ewe ovary with microvascular
anastomosis shows that this technique is promising (Imhof
et al. 2006). Unfortunately, follicular loss after vascular
transplantation of the whole frozen-thawed ovaries is as
severe as after transplantation of frozen-thawed ovarian
tissue (Imhof et al. 2006; Courbiere et al. 2009).

Compared with ovarian cortex fragments, cryopreser-
vation of the whole ovary is more difficult because it is
larger and the structure is more complicated (Jacobs and
Pucci 2013). Imperfect cryopreservation for bulky organs
can be a barrier for whole ovary transplantation. The protocol
for cryopreserving the whole ovary should be optimised
before the procedure can be of clinical significance. In
order to alleviate cryoinjury during ovarian cryopreservation
and improve survival, we attempted to reduce the cryodamage
through lowering the freezing point and preventing ice
recrystallisation during the cryopreservation procedure.

Antifreeze proteins (AFP) lower the freezing point of a
solution in a non-colligative manner, leading to an increase
in the difference between the melting point and the freezing
point. This phenomenon is known as thermal hysteresis
(Leinala et al. 2002). AFP have been reported to bind to ice
crystals and inhibit their growth and recrystallisation to
protect cellular membranes in this way (Lee et al. 2012). In
1969, DeVries and colleague isolated the first AFP from
Antarctic fish (DeVries and Wohlschlag 1969). Since then,
AFP that play a role in survival in below-zero environments
have been found in vertebrates, insects, fungi, bacteria and
plants (Yeh and Feeney 1996).

Multiple animal studies have reported that
supplementation with AFP III increases the survival rate of
frozen-thawed spermatozoa [rabbit (Nishijima et al. 2014),
chimpanzee (Younis et al. 1998)], embryos [mouse
(Jo et al. 2011), rabbit (Nishijima et al. 2014)] and ovarian
tissue [mouse (Lee et al. 2015a; Kim et al. 2017)] in some
mammalian species, although there is a species-specific
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optimal AFP dosage. The aims of this study were to
investigate the effect of AFP III supplementation during the
ovarian slow freezing and vitrification procedures.

Materials and methods

This study was approved by the Ethics Committee in Animal
Experimentation of Sichuan Provincial Maternity and Child
Health Care Hospital.

Experimental animals and grouping

The experimental design is described in Fig. 1. Thirteen
female rabbits aged 4-5 months and weighing 1.8-2.2 kg
were used in this study, which were provided by the experi-
mental animal center of Chengdu University of Traditional
Chinese Medicine. Five ovaries of three rabbits were
selected as the fresh control group (C). The left ovaries
of five rabbits were used in the conventional slow freezing
group (S). The right ovaries were used in the slow freezing
group with the addition of AFP III (AFP III-S). The left
ovaries of the other five rabbits were used in the routine
vitrification group (V). The right ovaries were used in the
vitrification group with the addition of AFP III (AFP III-V).

Whole ovarian acquisition and vascular perfusion

Female rabbits were anesthetised by injection of 1%
pentobarbital (3 mL/kg) along the ear vein. After fixation,
skin preparation and disinfection, each rabbit underwent a
subumbilical midline laparotomy under general anaesthesia.
Electrical scalpels were not used. The ovary and ovarian
vessels were located (Fig. 2a), then separated from the
surrounding tissue. The right ovarian pedicle was dissected
by following the lumbo-ovarian vessels up to their junction
with the aorta and inferior vena cava. The left ovarian
pedicle was dissected by following the lumbo-ovarian
vessels up to their junction with the aorta and left renal
vein. Each secondary vessel was ligated as near as possible
to the vascular pedicle (Fig. 2b), using non-absorbable
surgical suture (Jiahe, Taiwan, China), then divided. Care
was taken to protect the vascular supply to the tube and
ovary. The lumbo-ovarian artery and vein were then ligated
and divided as near as possible to the aorta and inferior
vena cava or left renal vein, respectively, and the ovary
with its pedicle was harvested. They were then placed in a
petri dish containing heparinised physiological solution
(precooled at 4°C). The ovarian artery was cannulated with
the 24 G vein indwelling needle under an anatomical
microscope (Olympus CKX41, Tokyo, Japan) as soon as
possible and fixed with silk thread (Fig. 3a). The ovary was
then perfused with heparinised physiological solution (kept
on ice outside the petri dish) at a rate of 1.3 mL/min
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13 rabbits
Vitrification groups Fresh group Slow freezing groups
10 ovaries Five ovaries 10 ovaries
With 1 mg/mL AFP Il No AFP 1l With 1 mg/mL AFP IlI No AFP I
(Five left ovaries) (Five right ovaries) (Five left ovaries) (Five right ovaries)
Ovarian vitrification _Ovarian slow freezing
* Immersion and perfusion with cryoprotectant * Immersion and perfusion with cryoprotectant
equilibrium solution : 1.5M DMSO +L-15+10%FBS
10%EG + 10%DMSO +20%FBS +L+15 - Placed in a 5100 Cryo 1°C freezing container
vitrified solution : - Placed in a -80°C freezer for 24 h
20%EG +20%DMSO +L-15+1M S - Dropping in liquid nitrogen
- Dropping in liquid nitrogen
Five vitrified ovaries Five vitrified ovaries Five slow-frozen ovaries Five slow-frozen ovaries
One week storage in liquid nitrogen One week storage in liquid nitrogen
Five vitrified ovaries Five vitrified ovaries Five slow-frozen ovaries Five slow-frozen ovaries
Ovarian warming Ovarian thawing
- Immersion and perfusion - Immersion and perfusion
with cryoprotectant concomitant with cryoprotectant concomitant
concentration decrease concentration decrease
L-15+10% FBS +0.5 M/0.25 M/0 M § L-15+10%FBS +0.25 M/0.1 M/O M S
. o . . o . Five slow-frozen thawed Five slow-frozen thawed
Five vitrified-warmed ovaries Five vitrified-warmed ovaries . )
ovaries ovaries
Evaluation

- Follicular morphology (H&E)

- Stromal cell density
- Follicular ultrastructural (electron microscope)

- Oocyte apoptosis (TUNEL)
- Follicular viability assay (Live/Dead Viability—Cytotoxicity Kit)

Fig. I. The experimental design. Dimethyl sulfoxide (DMSO), fetal bovine serum (FBS), Leibovitz-15 (L-15), sucrose (S), ethylene glycol
(EG), antifreeze protein Il (AFP Ill), haematoxylin—eosin (H&E), terminal deoxynucleotidyl transferase dUTP nick-end labelling (TUNEL).

(Wang 2011) until all the blood cells were removed and the solution of Leibovitz-15 (L-15; L1518, Sigma, St Louis, USA),
ovaries turned white (Fig. 3b).

Slow freezing and thawing of whole ovaries

1.5 M dimethyl sulfoxide (DMSO; C6164, Sigma), 20% fetal
bovine serum (FBS; 12007c, Sigma) and with/without
1 mg/mL of AFP III (A/F Protein Inc., Waltham, USA) at
4°C. Ovarian perfusion was performed with a pump

The ovaries after removing all blood cells by perfusion were = (Terumo Corporation, Tokyo, Japan) to maintain a flow
immersed in a bath and perfused containing a cryoprotective  rate of 1.3 mL/min for 30 min.
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Fig. 2. Process of whole ovarian acquisition. (a) Exposure of the ovary and ovarian vessels; (b) ligation of the secondary vessel.

Fig. 3. Process of vascular perfusion. (a) Cannulaing with the 24 G vein indwelling needle; (b) ovarian perfusion

through the ovarian artery.

The cannula used to perfuse the ovary was then left in place
with the aim of facilitating perfusion after thawing, and the
ovary was placed in a 1.8 mL cryotube with the slow
freezing solution where it was pre-equilibrated at 4°C in a
cryoprotective solution bath for 10 min, with gentle

648

shaking. After pre-equilibration, freezing according to the
slow freezing method proposed by Martinez-Madrid et al.
(2004), the cryotube was placed in a 5100 Cryo 1°C
freezing container (Thermo Fisher Scientic, Waltham, USA)
precooled at 4°C, then placed in a —80°C freezer. This
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confers a cooling rate of —1°C/min. After 24 h in the —80°C
freezer, the cryotube was transferred to liquid nitrogen.

One week later, the whole ovary was thawed by the rapid
thawing method. The cryotube was removed from liquid
nitrogen, then melted at room temperature (25°C) for
2 min, immersed in a water bath at 37°C and shaken gently
until the ice crystals in the tube melted completely. The
ovaries were gently removed from the cryogenic tube and
placed in a petri dish containing thawing solution. The
cryoprotectant was rinsed out by both immersion and
perfusion in three steps (10 min each step) at room
temperature, with a reversed sucrose (S1888, Sigma)
concentration gradient (0.25 M, 0.1 M and 0 M sucrose) in
L-15 medium, to avoid osmotic injuries. It was perfused
using the same flow rate described earlier.

Vitrification and warming of whole ovaries

After removing all blood cells by perfusion, the ovaries were
perfused via the ovarian artery with the vitrified equilibrium
solution that contained L-15 medium, 10% ethylene glycol
(293237, Sigma), 10% DMSO and 20% FBS for 15 min,
then perfused with the vitrified solution that contained
L-15 medium, 20% ethylene glycol, 20% DMSO, 1 M sucrose
with and without 1 mg/mL AFP III for another 15 min, and the
flow rate was 1.3 mL/min. After perfusion, the whole ovaries
were placed in a 1.8 mL cryotube with the vitrified solution,
and then directly placed in liquid nitrogen for storage.

For warming, the cryotube was directly transferred from
liquid nitrogen, then melted at room temperature for 2 min,
immersed in a water bath at 37°C and shaken gently until
the ice crystals in the tube melted completely. The ovaries
were gently removed from the cryogenic tube and placed in
a petri dish containing warming solution. The corresponding
warming solution (L-15 + 10% FBS + 0.5 M, 0.25 M or 0 M
sucrose) was perfused at the same rate of 1.3 mL/min in
the order of decreasing sucrose concentration gradient to
activate the cell metabolism of the ovaries (10 min each step).

Sample preparation

The frozen and thawed ovaries were cut longitudinally in half
along the ovarian hilum under an anatomic microscope, and
then each half of the ovary was divided evenly in two. The 1/4
ovary was used for ovarian histological examination, 1/4 was
used for follicular ultrastructure analysis, 1/4 was used for
follicular viability assessment, and 1/4 was used for the
follicular apoptosis test.

Histological examination

The ovarian fragments were fixed in 4% paraformaldehyde
for 24 h at room temperature. Fixed ovarian fragments were
dehydrated, embedded in paraffin wax, and serially sectioned
at 4 pm. Every fifth section was mounted and stained with

hematoxylin-eosin (H&E). All sections were examined
using a light microscope (Olympus CX31, Tokyo, Japan)
at a magnification of x400. The numbers of each type of
follicle (due to the small number of antral follicles, they were
counted in secondary follicles) were counted in the entire cut
ovarian surface. Only follicles with a visible nucleus in the
oocyte were counted to avoid double counting. Each type
of follicle was categorised according to the following
classification (Lundy et al. 1999).

1. Primordial: single layer of attened pre-granulosa cells.

2. Primary: single layer of granulosa cells; one or more being
cuboidal cells.

3. Secondary: two or more layers of cuboidal granulosa cells;
antrum absent.

4. Antral: multiple layers of cuboidal granulosa cells; antrum
present.

The integrity of each follicle was evaluated using the
following criteria (Neto et al. 2008).

e Type I follicle without any morphological defect. Follicle is
regular, with joined follicular cells. Cytoplasm of the oocyte
is homogeneous and chromatin is diffused and regular.

e Type II: follicle with cytoplasmic defect. Cytoplasm of the
oocyte is vacuolised or eosinophilic.

e Type IIL follicle with nuclear defect. Nucleus of the oocyte
is pycnotic, without apparent nuclear membrane or with an
irregular nuclear membrane.

e Type IV: degenerated follicle. Oocyte with combined
cytoplasmic and nuclear defects or follicle with irregular
shape or with disjoined follicular cells or with swollen
follicular cells.

The proportion of normal follicles was defined as
proportions of follicles with good morphology (Type I).

According to the method reported by Faustino et al.
(2010), ovarian stroma density was evaluated by calculating
the stromal cell per 100 pm?. For each treatment, 10 fields per
slide were assessed and the mean number of stromal cells per
field was calculated. At least three sections of each ovary were
examined.

Follicular ultrastructure

Ovarian samples with a maximum dimension of 1 mm x 1 mm
were fixed in 2.5% glutaraldehyde for at least 2 h, then
washed in 0.1 mol/L phosphate buffered saline (pH 7.4)
three times (10 min each time). After fixing and washing,
specimens were post-fixed in 1% osmium tetroxide for 1 h
at 37°C, then washed in 0.1 mol/L phosphate buffered
saline for 20 min. Subsequently, the samples were dehydrated
through a gradient of acetone solutions (70% acetone solution
for 15 min, 80% acetone solution for 15 min, 90% acetone
solution for 15 min, 100% acetone solution for 10 min) and
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the tissues were embedded in Spurr (Bosheng Biological
Technology Co, Shanghai, China). The samples were cut
into approximately 0.5 pm sections, stained with toluidine
blue and observed under a light microscope. Then samples
with follicles were selected, cut into 50 nm sections and
stained with uranyl acetate and lead citrate and examined
under a transmission electron microscope (Hitachi H7650,
Tokyo, Japan).

We evaluated the integrity of oocytes, granulosa and
stromal cells according to previously reported subcellular
criteria (Fabbri et al. 2010).

Oocyte apoptosis

Paraffin-embedded ovarian sections were wused for
terminal deoxynucleotidyl transferase dUTP nick end
labelling (TUNEL) analysis using the cell death detection kit
conjungated with horseradish peroxidase (Roche, Shanghai,
China), according to the manufacturer's instructions. Briefly,
after deparaffination, rehydratation and washing with
phosphate buffered saline, sections were immersed in 10 mM
citrate buffer and underwent antigen retrieval in a microwave
for 5 min (350 W). Then the slides were incubated with 50 mL
of TUNEL reaction mixture and incubated at 37°C for 60 min
in the dark inside a humidified chamber.

As a positive control, sections were incubated with DNase I
(3000 U/mL in 50 mM Tris-HCI, pH 7.5, 1 mg/mL bovine
serum albumin) for 10 min at 15-25°C to induce DNA
strand breaks, prior to the labelling procedure. As a negative
control, sections were incubated with label solution only
(without terminal transferase) instead of the TUNEL
reaction mixture.

The apoptotic signal was recorded as positive when
dUTP stained the oocyte nucleus brown. The percentage of
apoptotic oocytes was calculated as follows: apoptotic
oocyte number/total oocyte number X 100%.

Follicular viability assay

Isolation of small follicles

Follicles were isolated according to the method proposed
by Neto et al. (2008). Ovarian fragments were finely
dissected in TCM 199 at room temperature, incubated with
collagenase type I (0.5 mg/mL) at 37°C for 1.5 h and gently
pipetted every 30 min. Collagenase action was blocked by
the addition of FBS. The suspension was filtered through a
60-mm nylon filter (Biocomma, Shenzhen, China) to recover
the small follicles, and centrifuged at 400g for 5 min. The
pelleted cells were resuspended with 30 mL Euroflush
medium (IMV, L‘Aigle, France).

Viability test using calcein AM and ethidium
homodimer |

Follicle viability was evaluated on isolated follicles by the
live/dead test using calcein AM and ethidium homodimer I
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stains [Live/Dead Viability/Cytotoxicity Kit (L-3224,
Molecular Probes, Leiden, the Netherlands)]. According to
the Live/Dead Viability—Cytotoxicity Kit instructions, live
cells are distinguished by the presence of ubiquitous
intracellular esterase activity, determined by the enzymatic
conversion of the virtually non-fluorescent cell-permeant
calcein AM to the intensely fluorescent calcein. The
polyanionic dye calcein is well retained within live cells,
producing an intense uniform green fluorescence in live
cells (ex/em ~495 nm/~515 nm). EthD-1 enters cells with
damaged membranes and undergoes a 40-fold enhancement
of fluorescence upon binding to nucleic acids, thereby
producing a bright red fluorescence in dead cells (ex/em
~495 nm/~635 nm). EthD-1 is excluded by the intact
plasma membrane of live cells.

The follicles were classified into four categories depending
on the percentage of dead granulosa cells (Martinez-Madrid
et al. 2004).

1. Live follicles: follicles with the oocyte and all the granulosa
cells viable.

2. Minimally damaged follicles: follicles with 10% of dead
granulosa cells.

3. Moderately damaged follicles: follicles with 50% of dead
granulosa cells.

4. Dead follicles: follicles with both the oocyte and all the
granulosa cells dead.

Live follicles and minimally damaged follicles were
considered to survive, the rest were dead follicles, and the
follicular survival rate was calculated. Follicular survival
rate (%) = the number of surviving follicles from isolated
follicles/the number of total follicles isolated x 100%.

Statistical analysis

SPSS (version 20; IBM Corp.) was used for statistical analyses.
Statistical analysis was performed using analysis of variance,
Student’s t-test or Kruskal-Wallis test for continuous
variables, whereas Chi-squared or Fisher’s exact tests were
used for categorical variables, and one-way ANOVA was used
to judge the difference between the groups, as appropriate.
Differences were considered statistically significant for
P-values < 0.05.

Results

Proportions of follicle stages and normal
morphology

According to the morphological classification and injury
criteria, the normal morphology follicle rate of the fresh control
group was 88.1% (Fig. 4, Table 1). It was shown that the
normal morphology follicle rates in the freeze-thawed groups
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Fig. 4. Representative images of hematoxylin—eosin stained ovaries. F, fresh; S, slow freezing; AFP-S, AFP-slow freezing; V, vitrification;
AFP-V, AFP-vitrification. Black arrows indicate abnormal follicles. (H&E: F-2, S, V, AFP-S, AFP-V, X400, scale bar = 50 pm; F-1, X100,

scale bar = 100 pm).

Table I. The normal rate of follicular morphology.

Group Primordial Primary Secondary Total

F 89.0 (348/391)° 86.4 (89/103)* 84.9 (45/53) 88.1 (482/547)
S 61.6 (204/331)° 57.0 (45/79)° 54.5 (36/66)° 60.3 (287/476)
AFP-S 76.2 (301/395)° 73.0 (46/63)° 62.2 (28/45)° 74.6 (375/503)°
\ 60.2 (224/372)° 55.7 (34/61)° 54.9 (28/51)° 59.1 (286/484)°
AFP-V 72.1 (276/383)° 65.2 (43/66)° 61.7 (29/47)° 70.2 (348/496)°

2 b Within each column, different superscript letters indicate a significant difference (P < 0.05).
F, fresh; S, slow freezing; AFP-S, AFP-slow freezing; V, vitrification; AFP-V, AFP-vitrification.

(S, AFP-S, V and AFP-V) were significantly lower than in the
fresh control group. In the slow freezing groups, the normal
morphology follicle rate in the AFP-S group was significantly
higher than that in the S group (P < 0.05). In the vitrifica-
tion groups, the normal morphology follicle rate in the
AFP-V group was significantly higher than in the V group
(P < 0.05). There was no significant difference of normal
morphology follicle rate between the S group and the
V group. No significant difference was shown between the
two freezing methods after adding AFP III (AFP-V group and
AFP-S group).

Stromal cell density

The density of stromal cells in the fresh control group was
10.9 + 1.7 cells/100 pm?, which was significantly higher

than in the other four groups (P < 0.05). Adding AFP III to
the cryoprotectant can significantly increase the density of
stromal cells whether in slow freezing or in vitrification
(P < 0.05). It was also found that the vitrification group had
greater stromal cell density than the slow freezing group
(P < 0.05). There was no significant difference between the
AFP-S group and the AFP-V group (P > 0.05) (Table 2).

Follicular ultrastructural analysis

In the fresh control group (Fig. 5F-1, F-2), mitochondria,
free ribosomes, rough and smooth endoplasmic reticulum,
and Golgi apparatus were observed in the oocyte cytoplasm.
In particular, there were a number of mitochondria that
appeared typically round, with a low-density matrix, clustered
around a dense and amorphous intermitochondrial substance
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Table 2. Outcomes of ovaries cryopreserved by slow freezing or
vitrification.
Group Stromal cell density Apoptotic rate Survival rate
(number/100 pm?) of oocytes of follicles
F 109 + 1.72 13.5 (52/386)* 79.6 (78/98)*
S 7.3 + 1.3 45.7 (150/329)¢ 44.2 (23/52)°
AFP-S 92+ 1.3° 30.7 (110/358)° 61.2 (41/67)>"
\% 83+ I.7¢ 43.1 (137/318)¢ 41.7 (20/48)°
AFP-V 9.4+ I.7° 35.0 (114/326)° 50.9 (27/53)<"

2 b < dWithin each column, different superscript letters indicate a significant
difference (P < 0.05).

*No significant difference between AFP-S and AFP-V.

F, fresh; S, slow freezing; AFP-S, AFP-slow freezing; V, vitrification; AFP-V, AFP-
vitrification.

(Fig. 5F-2) in the oocyte cytoplasm. The presence of swollen
mitochondrial cristae was rarely found.

The ultrastructure of the oocytes in the AFP-S group
(Fig. 5AFP-S-1, AFP-S-2) was similar to those in the fresh
control group, the round or ovoid-shaped mitochondria and
endoplasmic reticullum were the most abundant organelles
in the oocytes. The endoplasmic reticulum was well defined,
and the mitochondria exhibited highly organised structures
with a condensed matrix and intact cristae. The granulosa
cells had a normal morphology and organelle distribution
and showed uniform contact with no obvious increase in the
level of vacuolisation in the AFP-S group (Fig. 5AFP-S-1).
However, great changes were observed in the S group
(Fig. 5S8-1, S-2), including obvious cell swelling, indistinct
intercellular junction of the granulosa cell, irregular oocyte
shape, disordered cytoplasmic structure, shrunken nuclear
membranes of oocytes, chromatin aggregation and significant
reduction of the intracellular mitochondria.

In the vitrification group (Fig. 5V-1, V-2), indistinct
intercellular junction and vacuoles were observed in the
granulosa cells. Cytoplasmic clearing and focal enlargment
of perinuclear cisternae were also shown in oocytes. Numbers
of mitochondria were reduced. The endoplasmic reticulum
and the Golgi were irregular in shape and swollen. Some
minimal damage of the ultrastructure of the oocytes and
the granulosa cells, including swollen mitochondrial cristae,
vacuolisation and shrunken nuclear membranes, were
found in the AFP-V group (Fig. SAFP-V-1, AFP-V-2).

Oocyte apoptosis

The apoptosis rate of oocytes in the fresh group (13.47%)
was significantly lower than that in the other four groups
(P < 0.05). Whether in the slow freezing groups or the
vitrification group, the apoptotic rate of oocytes was
significantly lower in the AFP IIl added group than in the
non-AFP III added group (P < 0.05). There was no obvious
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difference in the apoptotic rate between the two freezing
groups with or without the addition of AFP III (Table 2).

Follicular viability assessment

The survival rate of follicles isolated in the fresh group
(79.59%) was significantly higher than that in the other
four groups (P < 0.05), according to the follicle survival
criterion (Fig. 6) and differential staining (Fig. 6) by
follicular viability assessment. In the slow freezing groups,
the survival rate of follicles in the AFP-S group was
significantly higher than in the S group (61.19% vs
44.23%, P < 0.05). In the vitrification groups, there was no
significant difference between the AFP-V group and V
group (50.94% vs 41.67%, P > 0.05). No difference was
shown between the S group and the V group (P > 0.05).

Discussion

Our group showed that vitrification of rabbit ovaries was
comparable with slow freezing. However, the density of
stromal cells in the vitrification group tended to be higher
than that of the slow freezing group (there was no
significant difference). At present, there are two methods
for ovarian cryopreservation: slow freezing and vitrification.
In slow freezing, ice crystal formation is minimised by
lowering the temperature slowly and using a small dose
of cryoprotectant. Vitrification seeks to avoid ice crystal
formation by cooling the tissue rapidly and using high
doses of cryoprotectants. To date, there is no clear
conclusion about which cryopreservation method is
more suitable for whole ovarian freezing. Some results
have indicated that slow freezing is less efficient than
vitrification in whole ovarian freezing studies of rats
(Milenkovic et al. 2012), sheep (Imhof et al. 2004), and
cows (Courbiere et al. 2006). However, slow freezing may
be superior to vitrification in other studies of guinea pig
(Xu et al. 2012) and rabbit (Wu 2013). These different
results may due to differences in the procedure, for
example, cryoprotectant composition and concentrations,
exposure times to cryoprotectants and speed of vitrification
(Sheikhi et al. 1989).

Ice recrystallisation (IR) is one of the main factors of cell
death during cryopreservation (Gage and Baust 1998). IR
occurs constantly in nature due to moderate cooling and
temperature fluctuations of frozen substances. During
cryopreservation, IR causes cell membranes to rupture and
causes cell dehydration, resulting in lethal damage to
cells and tissues. It is believed that many freeze-tolerant
organisms inhabiting cold environments have developed
AFP to ensure their survival (Knight et al. 1988). Because
AFP are effective at inhibiting IR, they are beneficial for the
cryopreservation of cells and tissues (Bagis et al. 2008;
Rubinsky et al. 2010; Jo et al. 2012; Kamijima et al. 2013).
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Fig. 5. Follicular ultrastructure. Primordial follicle (POF), primary follicle (PF), secondary follicle (SF),
granulosa cells (GC), basement membrane (BM), mitochondria (MI), smooth endoplasmic reticulum (S),
nucleus (N), nuclear membrane (K), zona pellucida (ZP); x0.5K, F-1, V-1, AFP-V-I, scale bar = 10 pm;
X0.7K, S-1, AFP-S-1, scale bar = 5 pm; x1.5K, S-2, AFP-V-2, scale bar = 2 pm; x2.5K, F-2, V-2, scale bar
=2 pm. F, fresh; S, slow freezing; AFP-S, AFP-slow freezing; V, vitrification; AFP-V, AFP-vitrification.
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Fig. 5. (Continued).

Because of their complicated structure and large size,
IR occurs easily during whole ovarian cryopreservation,
leading to damage and death of many follicles (Jacobs and
Pucci 2013). The current study evaluated the cryoprotective
efficacy of AFP III in the slow freezing and vitrification of
whole rabbit ovaries. Addition of AFP III improved the
normal follicular morphology, stromal density and follicle
viability and decreased the apoptosis of oocytes during the
slow freezing and vitrification procedures. Furthermore, the
ultrastructure of the follicles was well preserved in the slow
freezing group with addition of AFP III.

In terms of follicle preservation, whether ovaries were
vitrified or slow-frozen, a higher normal follicular rate was
observed in the groups supplemented with 1 mg/mL AFP III
compared with the corresponding groups (AFP-S and S;
AFP-V and V). It was also shown that in the slow freezing
groups the survival rate of follicles was significantly higher
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in the AFP III group than in the non-addition group. In the
vitrification groups, though the surviving follicles in the
group with AFP III increased, there was no significant
difference in follicular survival rate compared with the
vitrification group. It was indicated that AFP III could
improve the survival rate of follicles for slow freezing. The
mechanism of the cryoprotective effect of AFP III during
slow freezing and vitrification in the present study is not clear.
However, a protective mechanism suggested by previous
studies may be applicable to ovarian tissue cryopreserva-
tion (Wang 2000). Jo et al. 2011 suggested that one
protective mechanism in mouse oocytes involved preservation
of structural and functional integrity associated with the
maintenance and recovery of spindle reassembly during
vitrification and warming. A potential protective mechanism
may involve the interaction of AFP with the function and
structure of the cell membrane (Lee et al. 2015b).
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Fig. 6.
damaged follicles; and (d) dead follicle.

Ultrastructural analysis allows assessment of the real
integrity of subcellular components and detection of features
of cryodamage not observable using light microscopy
(Hreinsson et al. 2003; Keros et al. 2009). In fact, trans-
mission electron microscopy evidenced foci of interstitial
oedema, likely due to tissue rehydratation occurring
during the thawing procedure. This kind of cryodamage is
often observed in the cryopreserved ovarian tissue
(Hreinsson et al. 2003; Fabbri et al. 2010). In the present
study, the ultrastructural analysis of follicles vitrified and
slow-frozen without AFP III evidenced irregularly shaped
oocyte nuclei with slightly thickened chromatin, broken
or swollen mitochondria, vacuoles and clarification of
cytoplasm. But we observed that the ultrastructure of
follicles in the slow freezing group with AFP III was
similar to that in the fresh control group, and some
minimal damage of the ultrastructure of the oocytes and
the granulosa cells was found in the vitrification group
with AFP IIL. It may be due to the antifreeze effect of AFP
III mainly in the inhibition of ice crystal formation
(Raymond and DeVries 1977; Yang et al. 1988; Davies and
Hew 1990) and recrystallisation in rewarming (Carpenter
and Hansen 1992; Chao et al. 1996). The main factor

Follicular viability assessment (x400). (a) Live follicle; (b) minimally damaged follicle; () moderately

affecting the slow freezing efficiency is the cell damage
caused by ice crystal formation.

Based on previous studies (Lee et al. 2012, 2015a),
1 mg/mL of AFP III was used in this study. Several earlier
studies have reported a detrimental effect of AFP, where
high AFP concentrations were associated with a destructive
effect on cells and tissues. In those studies, AFP at relatively
low concentrations enhanced the survival rate of red blood
cells, whereas at high concentrations AFP reduced survival
rates (Yang et al. 1988; Carpenter and Hansen 1992).
A study involving immature mouse oocytes showed that
high doses of AFP has a harmful effect on oocyte survival
(Jo et al. 2012). In fact, the low concentration of AFP could
improve the efficiency of cryopreservation of oocytes
[500 ng/mL (Zhang et al. 2009)], embryos [500 ng/mL
(Asgari et al. 2015)] and spermatozoa [0.1 ug/mL (Nishijima
et al. 2014)]. However, a study found that a high dose of
AFP III (20 mg/ml) demonstrated better results than a
lower dose (5 mg/mL) for mouse ovarian tissue vitrification
(Lee et al. 2015b). Lee et al. (2015a) reported that with
three different types of antifreeze proteins (FfIBP, LelBP,
type 1I) and concentrations (0.1, 1, 10 mg/mL) used in
mouse ovarian tissue vitrification and transplantation, no
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significant differences were observed between the AFP in
terms of follicular preservation at each of the develop-
mental stages examined. However, at 10 mg/mL, AFP
provided cryoprotective effects in primordial follicle
preservation, as compared with that observed in the
vitrification control (Lee et al. 2015a). In those ovarian
tissue vitrification studies, it seems that high concentration
of AFP have advantages over low concentrations. In the
present study, the ultrastructure of the follicles and the
follicular viability seem to better in the slow freezing group
with addition of AFP III than vitrification with AFP III
Appropriate high concentration is important to have a
sufficient diffusion of cryoprotectant through the stroma
and granulosa cells to oocytes, which may be good for
ovarian vitrification because the vitrification technique
avoids ice crystal formation by cooling the tissue rapidly
and using high doses of cryoprotectants. Therefore, the
concentration of AFP III (1 mg/mL) used in the present
study may be too low for ovarian vitrification. Further
study is necessary to confirm whether AFP at higher doses
is harmful, and also to determine a more optimal dose of
AFP for whole ovary cryopreservation. Wang (2000)
explained that AFP have both protective and destructive
actions. It depends on many relevant factors such as
composition and concentration of cryoprotectant, type and
concentration of AFP, cooling and warming rate, and cell
surface features.

In the present study, we showed the cryoprotective effect
of AFP III on rabbit ovary cryopreservation. Nevertheless, our
study has some limitations. Only the recovery of ovarian
function after replanting could give proof of the true
capabilities of the cryopreserved and stored ovarian tissue.
We did not evaluate the restoration of function after
autotransplantation of cryopreserved ovaries. Moreover, we
did not investigate the exact mechanism underlying the
beneficial effects derived from AFP III during vitrification
and slow freezing.

Conclusion

The present study demonstrated that supplementation of AFP
I1I in the cryoprotectant has beneficial effects on the survival
of follicle during freezing. AFP III may represent a promising
supplementary agent for reducing cryodamage during whole
ovary freezing. The findings of this study provide a foundation
for further research on the effects of AFP III in human ovarian
tissue.
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