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Abstract

Cryopreservation techniques achieved by optimization of the composition and concentration of cryoprotectants not only reduce cryoinjury
to ovarian tissue but also enhance survival. Anti-Freeze Proteins (AFPs) have been acknowledged to have positive effects on the survival of
oocytes, embryos and ovaries during cryopreservation. AFPs drop the freezing point beneath the balance point of melting by binding ice
crystals; restricting their expansion and recrystallization. This study aimed to investigate the protective effects of AFP | and Ill separately or
in combination on the vitrification and warming procedures of ovarian tissues which were vitrified for one week and one month. Ovaries
were obtained from rats and randomly assigned to four groups according to the AFP supplements in the media used during freeze/warm
procedures: 1) control group (medium without AFP); 2) AFP |; 3) AFP IlI; 4) AFP | + AFP Ill groups. The groups were further organized according
to the duration of vitrification, 1 week or 1 month. Ovaries were evaluated morphologically by a grading system, TUNEL assay and by
transmission electron microscopy. AFP supplementation decreased apoptosis and follicular damage. Supplementation of AFP type | and
type Il has cryoprotective roles in ovaries which were vitrified for 1 week and 1 month. Additionally, AFP I+AFP Il supplementation were
shown to have more protection in long term.
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Antifreeze Protein | ve lll EKlenmis Medyumun Farkli Siirelerde
Kryoprezerve Edilmis Sican Overi Uzerine Etkisi

Oz

Kriyoprotektanlarin kompozisyonu ve farkli konsantrasyonlarinin eklenmesiyle gelistirilen kriyoprezervasyon teknikleri, over dokusunda
sadece dondurma hasarini indirgemekle kalmaz, ayni zamanda over dokusunun devamini da saglar. Anti-freeze Proteinlerin (AFP’ler)
kriyoprezervasyon sirasinda oositlerin, embriyolarin ve yumurtaliklarin hayatta kalmasi tizerinde olumlu etkileri oldugu kabul edilmistir.
AFP’ler, buz kristallerini baglayarak donma noktasini erime noktasinin altina distirerek ve buz kristallerinin genislemelerini ve yeniden
olusumunu sinirlandirir. Bu calismada, AFP | ve llI'lin ayri ayri veya kombinasyon halinde hem bir hafta hemde bir ay siireyle vitrifiye edilen over
dokularinin ¢ézdiirme isleminden sonra koruyucu etkilerinin arastirilmasi amaclandi. Sicanlardan elde edilen overler vitrifikasyon/¢ozdirme
prosediirleri sirasinda kullanilan medyumdaki AFP takviyelerine gore rastgele dort gruba ayrildi: 1) Kontrol grubu (AFP eklenmemis medyum)
2) AFP I; 3) AFP III; 4) AFP | + AFP Il gruplari. Gruplar ayrica vitrifikasyon stiresine gére 1 hafta veya 1 ay olarak diizenlendi. Over dokularina;
morfolojik olarak skorlama yapildi. Ayrica TUNEL metodu ile apoptozis agisindan ve gecirimli electron mikroskobu ile ultrasttriktirel agidan
degerlendirildi. AFP eklenmesi over dokularinda apoptozisi ve folikiiler hasari azaltmistir. AFP tip | ve tip III'in eklenmesi, 1 hafta ve 1 ay
streyle vitrifiye edilen overlerde kriyo koruma saglamistir. Ek olarak, AFP | + AFP Il takviyesinin uzun vadede daha fazla korumaya sahip
oldugu gosterilmistir.

Anahtar sézclikler: Anti-freeze protein, Kriyokoruma, Over, Vitrifikasyon, Rat

INTRODUCTION preservation of fertility in cancer patients . However,

damages such as follicle loss, stromal cell destruction
Cryopreservation of oocytes, embryos and ovarian tissues,  and programmed cell death could occur during the cryo-
is a widely used technique particularly preferred for the  preservation of ovarian tissues @. With recent advances
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in cryopreservation techniques, cryo-injury rates were
decreased and the survival duration of the tissues was
increased B,

The efficiency of cryopreservation depends on the
composition and concentration of cryoprotectants in
the cryopreservation medium . Survival of oocytes can
be improved by adding cryoprotectants to the cryo-
preservation medium .,

Antifreeze proteins (AFPs) are a group of polypeptides
found in the serum of Antarctic fish that can live under
sub-zero temperatures which were first identified by
DeVries and Wohlschlag in 1969 ©. An animal studies
showed that these proteins had positive effects on cryo-
preservation of sperm ), mouse ovaries ", mouse oocytes .
AFPs decrease freezing point beneath the balance point
of melting by binding ice crystals. Therefore, they prevent
expansion and recrystallization. Additionally, AFPs protect
cell membranes from physical damage ®'°. AFPs have
also been shown to have beneficial effects on ovary
vitrification ", Additionally, it was thought that they can
be used to diminish cryo-injury during cryopreservation
and increase survival via protection of follicular structure
in the mouse ovary ['%,

AFP type | is mostly composed of alanine with 4.3 and 3.3
kDa sized helical structures whereas AFP type Il is cysteine
rich and its helical structures are 14 kDa in size. On the
other hand, AFP type Ill has only 66 amino acids and it
lacks cysteine and alanine

In the present study, we aimed to investigate the protective
effects of AFP | and lll supplemented cryopreservation
medium on vitrified and warmed rat ovarian tissues at two
different time points.

MATERIAL AND METHODS

Experimental Animals

Forty-eight Wistar albino female rats were housed with a
12-h-light/dark cycle at 22°Cand fed ad libitum according to
animal care guidelines. The ethical approval was obtained
from Yeditepe University, Animal Care Committee with
approved number 15.12.2014/435.

Vitrification and Warming of Rat Ovaries

Whole ovaries were obtained from rats after CO, inhalation.
The ovaries were first randomly assigned into two groups
according to the vitrification durations: 1) Ovaries that
were warmed after vitrification of one week; 2) Ovaries that
were warmed after vitrification for one month. Afterwards,
for each of the vitrification durations, the ovaries were
further assigned into four groups depending on the AFP
supplements used in the vitrification and warming media:
1) Control group (vitrification medium without AFP); 2)
AFP | supplemented medium (AFP | Group); 3) AFP I
supplemented medium (AFP 1l Group); AFP | + AFP Il
supplemented medium (AFP | + AFP Il Group).

The vitrification and warming media were supplemented
with 10 mg/mL of type | AFP, 10 mg/mL of type Ill AFP, and
the combination of both. The amount of AFP proteins was
determined according to previously published data "
The chemical features of AFP proteins are shown in Table 1.

Ovaries were vitrified by a two-step process as previously
described """ Initially, ovaries were equilibrated for 10 min
at room temperature in Dulbecco’s phosphate buffered
saline (D-PBS) supplemented with 20% fetal bovine serum
(FBS; Gibco, Carlsbad, CA, USA), 7.5% dimethylsulfoxide
and ethylene glycol (Sigma-Aldrich St. Louis, MO, USA).
Afterwards, ovaries were incubated in the vitrification
medium (D-PBS containing 20% FBS, 20% dimethylsulfoxide,
20% ethylene glycol, and 0.5 M sucrose) for 5 min at room
temperature. Finally, the ovaries were placed into 1.5 mL
cryovials (Nunc, Denmark) filled with liquid nitrogen and
were stored for either 1 week or T month.

One week and 1 month after vitrification, ovaries were
warmed as follows. Initially, the ovaries were brought out
to air for 10 sec. Afterwards, they were incubated at room
temperature by sequential 5-min equilibrations in 1, 0.5, 0.25,
and 0 M sucrose (Sigma-Aldrich) solutions respectively.
D-PBS with 20% FBS was used as the basal medium for
both vitrification and warming solutions. For the AFP-
supplemented groups, vitrification and warming media
were supplemented with 10 mg/mL AFP type | and/or type lIl.

Histological Procedure

After the cryopreservation (7 or 30 days), all ovaries were fixed

Table 1. The chemical features of AFP proteins

Characteristic AFP Type | AFP Type lll
Molecular Mass (kDa) 3.3-45 6.5
Primary Structure alanine-rich multiple of eleven aa repeats general

Secondary Structure alpha helical amphiphilic

beta sandwich

Tertiary Structure 100% helix not determined
Biosynthesis prepro AFP pro AFP
Protein Components 7 12

Natural Source

right-eyed flounders (winter flounder); sculpins (shorthorn)

ocean pout; wolffish
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with 4% formaldehyde. Then, tissues were dehydrated and
embedded in paraffin blocks. Five um sections were taken
from each paraffin block. Every fifth section was stained
with Hematoxylin and Eosin and examined under light
microscope (Leica DM 2500, Germany). The follicles were
graded as tertiary, secondary, primary, or primordial follicles.
Morphology of each follicle was evaluated according to
the previously reported data "> and presented in Fig. 1
and Fig. 2. A total of 10 sections were evaluated for each
animal. Percentages of follicles were compared statistically.

1- Primary and Primordial Follicles

Grade 1 (G1): Spherical shaped follicle with commensurate
arrangement of granulosa cells,

Grade 2 (G2): Disarranged granulosa cells and a spherical
oocyte in the follicle,

Grade 3 (G3): A spherical oocyte or vacuolation with
pyknotic nuclei, abnormal granulosa cells

AFP |

Control

1 MONTH

AFP 11l AFPI+AFP Il

Eosin staining. Bar: 200 pm

Fig 1. Morphology of rat ovaries in vitrification control, AFP |, AFP lIl, and AFP I+l groups after 1 week and 1 month. Hematoxylin and

Primordial

granulosa cells (*). Hematoxylin and Eosin staining

Fig 2. Morphological differences in rat ovarian follicles according to their grading scores. Spherical oocyte in primordial follicle (thin
arrow); spherical oocyte (thick arrow) in primary, secondary and tertiary follicle; abnormal oocyte (arrow head); disarranged or abnormal
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2-Tertiary and Secondary Follicles

Grade 1 (G1): Intact spherical shaped follicle with
commensurate arrangement of theca and granulosa cells
and aspherical oocyte,

Grade 2 (G2): Intact morphology of theca cells, abnormal
granulosa cells and a spherical oocyte,

Grade 3 (G3): Loss of or abnormal theca and granulosa
cells without an oocyte or abnormal oocyte in the follicle.

TUNEL Assay for Apoptosis

Five um sections from all groups were placed on positively
charged slides for TUNEL assay. TUNEL assay was utilized
according to the manufacturer’s instructions (Biotium, CF™
488A TUNEL Assay Apoptosis Detection Kit). Sections were
incubated with proteinase K (5 min), washed with distilled
water and incubated with 3% hydrogen peroxide in PBS
(5 min). Then the slides were washed with PBS, put in the
equilibrium buffer (30 min) and incubated in recombinant
terminal transferase TdT enzyme (at 37°C for 1 h). The
sections were then washed in buffer with agitation (15
s), followed by a wash in PBS and incubated with anti-
digoxigenin conjugate (30 min). After washing in PBS,
the sections were incubated with peroxidase solution for
6 min. After a final wash in distilled water, the slides were
covered with Entellan (Merck, Darmstadt, Germany). Five
randomly selected areas from each section were observed
under fluorescence microscope (Leica DM 2500, Leica MC
170, Germany) and TUNEL positive cells were counted.
Average values were evaluated.

Transmission Electron Microscopy

Vitrified and warmed ovaries from all groups were fixed
with 2.5% glutaraldehyde in PBS (pH=7.4) and then
incubated with osmium tetroxide for 1 h. All tissues
were dehydrated in ascending ethanol series and then

incubated in propylene oxide and embedded into Epoxy
epon blocks. Semi-thin sections were taken from epon
blocks by an ultramicrotome (Reichert, Germany) and
stained with toluidine blue. Thin sections were contrasted
with uranyl acetate and lead citrate and examined under
transmission electron microscope (Jeol 1011, Japan,
Olympus-Veleta TEM camera, Tokyo, Japan).

Statistical Analysis

Sample size is determined by power analysis. The result
of the calculation was determined as n=8 for histological
examinations. All calculations were calculated as type |
error P<0.05, type Il error (power) 0.20.

All results were compared with Mann-Whitney U or ANOVA
test. Tukey’s test was used for post-hoc test. Data were
analyzed by Graphpad 3.0 prism. P<0.05 is considered as
statistically significant.

REsuLTs

Morphological Evaluation

All ovaries were examined morphologically (Fig. 1) and
follicles in ovaries were graded (Fig. 2). In the control group
(without supplementation of AFP), follicles in ovaries were
significantly damaged after 1 week of vitrification. The
damage became severe after 1 month of vitrification.
Vitrification and warming caused granulosa cell degeneration
and shrinkage of oocytes in the vitrification control group
and there were less G1 follicles when compared to AFP
supplemented groups (P<0.01, Fig. 3). Ovaries of AFP | and
AFP Il groups were less damaged when compared to the
control group. There was less degeneration in granulosa
cells and oocytes. Additionally, there were more numbers
of G1 follicles when compared to the time-matched control
group. Ovarian damage was found to be the highest in the
control group after 1 month of vitrification (P<0.05, Fig. 3).

70%

Grade 1 Follicles (%)

** 5

60%

50%

Fig 3. Percentage of all grade 1 follicles in vitrification
control, AFP |, AFP Ill and AFP | + AFP Ill groups after 1
week and 1 month vitrified and warmed ovaries. * P<0.05,
** P<0.01 compared with time-matched vitrification
control group, +: P<0.05, ++: P<0.01 compared with time-
matched vitrification control group; a: P<0.05, compared
with time-matched AFP | and AFP III

40%

30%

20%

10%

0%
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AFP 1 AFP Il AFP I+l
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Fig 4. Apoptotic cells in ovarian follicles. A and B) Vitrification control group; C and D) AFP [; E and F) AFP Ill; G and H) AFP | + AFP Il

Apoptotic Cell Number

Fig 5. The graph of apoptotic cell numbers in vitrification
control, AFP |, AFP Il and AFP | + AFP Il groups after 1

week and 1 month vitrified and warmed ovaries. * P<0.05
compared with time-matched vitrification control

group, *** P<0.001 compared with Tweek vitrification
control group, +++: P<0.001 compared with time-

CONTROL

AFP | AFP1II

B 1week H1month

AFP | + AFP Il

matched vitrification control group, a: P<0.05 compared
with time-matched AFP | and AFP Il groups

The morphology of the ovaries of AFP | + AFP Ill groups
were more intact. There was no or very minimum damage
in granulosa cells and oocytes. Percentage of G1 follicles
were the highest in AFP | + AFP Ill group when compared
to the other groups (P<0.01, Fig. 3) in both durations. The
protective effects of AFP | and AFP Ill on ovarian tissue,
was higher when used in combination in both of the
vitrification durations. Moreover, this protective effect was
higher when compared to the control, AFP | and AFP IlI
groups. Percentage of G1 follicles (Fig. 3) were higher in
AFP Ill group when compared to AFP | group after 1 week
of vitrification. Morphological differences in groups are
shown in Fig. T and Fig. 2.

Evaluation of Apoptosis

Apoptotic granulosa cell numbers decreased after 1 week
of vitrification in AFP I+Ill group compared to vitrification
control and AFP | and AFP Il alone groups (P<0.05, Fig.
4 and Fig. 5). Furthermore, the apoptotic cell numbers
were higher in the control group which had been vitrified
for 1 month compared to the control group which had
been vitrified for 1 week (P<0.001). AFP supplementation
decreased apoptosis in both of the vitrification durations.

Nevertheless, the decrease in apoptotic cell numbers
was more prominent in AFP | + Il groups in both of the
vitrification durations when compared to the time-matched
control groups (Fig. 5). There was a significant decrease in
apoptotic cell numbers particularly in the AFP | + AFP IlI
group in which ovaries were vitrified for 1 month (P<0.001,
Fig. 5). The apoptotic cell numbers in this group were
almost as close to the numbers in the AFP | + AFP Il group
in which ovaries were vitrified for 1 week. Apoptotic cell
numbers were decreased in AFP | and AFP Il alone groups
underwent 1 month of vitrification when compared to
time-matched vitrification control group (P<0.001, Fig. 5).

Electron Microscopic Findings

The cellular organelles were damaged in the vitrification
control group. There were more round mitochondria and
the cell membranes of granulosa cells were disrupted with
big vacuoles. The zona pellucida was abnormal and the
area between the oocyte and follicular cells was increased.
These findings were reversed in AFP groups. The zona
pellucida between oocytes and cellular junctions among
granulosa cells appeared normal in both AFP | and AFP
Il groups at both of the vitrification durations, whereas
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the cellular organelles and cell membranes of granulosa
cells were slightly damaged. Moreover, the mitochondria
were elongated and the size and amount of vacuoles were
decreased in both AFP | and AFP Il groups (Fig. 6).

DiscussioN

In the present study, the cryoprotective effects of AFP
proteins were evaluated in ovarian tissues which were
vitrified for 1 week and 1 month. We observed that when
AFP | and AFP IIl were added to the vitrification and
warming media either separately or in combination, they
exerted protective effects at the tissue, cellular and sub-
cellular levels.

The combined supplementation of AFP | and AFP lll to the
vitrification medium and the warming medium, protects
vitrified (1 week and 1 month) and warmed ovaries when
compared to AFP supplementation alone.

AFPs can act in cryoprotection through two mechanisms.
The first one is by inhibiting recrystallization, ice growth
and nucleation of ice. The second one is by protecting the
cell membrane and reducing cytotoxicity during cooling.
AFPs can also inhibit recrystallization and ice nucleation
at the warming stage '\, Moreover, it was shown that the
same AFP concentrations that we used in our study for

Fig 6. A, B) Vacuoles in granulosa
cells (*) and damaged oocyte (arrow)
in vitrification control group; C, D)
less damages in granulosa (g) and
cumulus cells (cl) and normal zona
pellucida (z) and oolemma (o) in
AFP | + AFP Il group. Transmission
electron micrographs. A, C, D Bar: 0.5
um, B Bar: 0.2 pm

vitrification and warming procedures protected frozen
and warmed whole ovaries "', Based on this knowledge,
in this study, we added AFPs into both vitrification and
warming media and examined the protective effects of
this AFP supplemented media on the structure of vitrified
and warmed ovarian tissue at the light microscopic and
the ultrastructural levels. We demonstrated that adding
AFPs in vitrification and warming media has beneficial
effects on the cryoprotection of whole ovaries in terms of
both oocytes and granulosa cells.

Most studies showed that higher concentrations of AFP
have degenerative effects on cells and tissues . Other
studies emphasized that lower concentrations of AFP have
beneficial effects by regulating the survival of oocytes,
whereas higher concentrations decreased the survival
rates "4, Moreover, Lee et al.'? explained that a concentration
of 20 mg/mL of AFP had better effects than 5 mg/mL of
AFP. A synergistic effect that may have counterbalanced
each otheris caused by higher concentration of AFPs which
are a mixture of AFP type | and lll. As shown by previous
studies, high concentrations of cryoprotectants cause
osmotic stress and damage in follicles of cryopreserved
mouse ovaries 1'%,

Furthermore, AFP supplemented cryopreservation media
improved the integrity of follicles in vitrified and warmed
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ovaries. Additionally, our results demonstrated that AFP |
and AFP Ill when combined had better effects on vitrified
and warmed ovaries even in long term vitrifications.

In our present study, we vitrified ovaries for one week and
one month. During vitrification, ovaries may be damaged
due to ice crystal formation and/or recrystallization. AFP
I and AFP Ill supplementation to the vitrification and
warming media also had beneficial effects at longer
vitrification times. AFP | and AFP Ill, when supplemented
together had more protective effects at longer vitrification
durations when compared to AFP | or AFP Il supplemented
alone.

Two different AFP types were used at the same concentration
instead of using only one type of the AFPs. And it was
shown that the cryoprotectant solution supplemented
with two equal concentrations of two different AFPs is
more protective than only one type of AFP.

AFPs protect the membrane integrity in mouse oocytes 131,
Follicular integrity of ovaries after vitrification with AFP
supplemented media is better than that of AFP lacking
media M. Consistent with our study, it was shown that
vitrification solutions have beneficial ultrastructural effects
on cellular membrane and organelles as well as on
the protection of mitochondria "\ The protection of
cellular organelles, cell membrane and mitochondria
after vitrification is very crucial for normal physiological
function. AFP supplemented vitrification medium provides
protection of primary oocytes and granulosa cells in follicles
ultrastructurally.

In conclusion, to the best of our knowledge, our work is
unique in describing the cryoprotective effects of AFP
type | and Ill, and the combination of these proteins on
the ovaries that were vitrified for different durations. We
demonstrated that supplementation of the vitrification
and warming media with AFP | and AFP lll, and the
combination of the two, had beneficial effects on follicle
integrity, enhancement in whole ovaries, as well as in
primordial follicles with primary oocytes, specifically after 1
week and 1 month vitrification. This study shows the AFPs’
cryoprotective effects in long term and the comparison
between different durations of vitrification. Further studies
are required to clarify the exact mechanisms of how AFPs
prevent cryo-injury.
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