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Abstract

Purpose The purpose of this study was to evaluate the
effect of transportation at prolonged low temperatures on
the survival of pre-antral follicles.

Methods Ovarian tissue was removed from six women
with gender identity disorder. Tissues were stored in an
icebox at 4 °C for 6 or 18 h prior to vitrification. After
warming, ovarian tissues were cultured for 24 h and folli-
cle survival was assessed via a viability/cytotoxicity Kkit.
Morphological features and oxygen consumption rate
(OCR) were evaluated by scanning -electrochemical
microscopy (SECM).

Results  Survival rate of isolated primordial follicles was
95.7 and 100 %, and that of primary follicles was 91.7 and
81.8 % in the 6- and 18-h groups respectively. There was
no difference in morphology between the 6- and 18-h
storage groups. In comparison with OCR of vitrified-
warmed follicles and OCR of 24-h culture after vitrified-
warmed follicles, OCR of 24-h culture after vitrified-
warmed primordial follicles was significantly higher in
both 6-hour (0.02 + 0.02 vs 0.07 & 0.04, P < 0.05) and
18-h groups (0.02 £ 0.02 vs 0.11 £ 0.10, P < 0.05).
Conclusions This strongly suggests that prolonged
transportation of ovarian tissue at low temperatures is
useful when there are no available local systems for fer-
tility preservation.
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Introduction

Improvements in oncologic treatment have resulted in an
improved survival rate for many young cancer patients.
Indeed, the 5-year survival rate for all cancers combined is
currently more than 64 % in women [1]. However, use of
chemotherapy and/or radiation therapy in these patients can
adversely affect ovarian function, leading to infertility and
decreased quality of life. A number of strategies have been
developed in recent years to enable these patients to have
children using their own gametes. For example, when
radiotherapy alone is administered, it is possible to keep
the ovaries outside of the radiation field. Further, when
chemotherapy can be postponed, it is possible to use
ovarian stimulation to obtain oocytes, which can be frozen
in either a fertilized or an unfertilized state [2, 3].
Cryopreservation of ovarian tissue is another very
promising alternative to preserve fertility for prepubertal
girls and women who undergo chemotherapy [4]. The tis-
sue can be cryopreserved at centers specializing in repro-
ductive medicine and can be transplanted into the pelvic
cavity (or to a heterotopic site for oocyte retrieval and
in vitro fertilization) if the patient experiences premature
ovarian failure. Donnez et al. [2] reported the first live birth
after autotransplantation of cryopreserved ovarian tissue in
humans. Orthotopic reimplantation has so far led to the
birth of 20 healthy babies [5-8]. Compared to the slow
freezing method, vitrification is a simple and rapid proce-
dure that can cryopreserve various types of living cells in a
high concentration of cryoprotectant without ice crystal
formation. Vitrification may become a more widely-used
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alternative to slow cooling. Current human ovary tissue
vitrification is focused on novel analytical approaches and
techniques to estimate ovarian tissue function and pre-
antral follicle viability. It has been reported that measuring
the oxygen consumption rate (OCR) using a scanning
electrochemical microscope (SECM) may be effective as a
non-invasive evaluation of oocyte/early embryo quality of
various mammalian species, including human oocyte/early
embryo [9-12].

Many assisted reproductive technology (ART) clinics
have no experience with cryopreservation of ovarian tissue,
and if a patient wishes to preserve ovarian tissue prior to
undergoing antineoplastic therapy, tissues are transferred to
a special facility for implantation. Thus, the purpose of this
study was to evaluate the effect of transportation at pro-
longed low temperatures on the survival of vitrified and
warmed pre-antral follicles using SECM and dual fluores-
cent vital staining.

Materials and methods
Patients

Ovaries were removed from 6 consenting women with
gender identity disorder. The mean age of the women was
30.8 &+ 9.8 years, ranging in age from 22 to 39 years.
Written informed consent was obtained from all patients,
and the research protocol was approved by the institutional
review board (IRB) of Kyono ART clinic and the IRB of
Osaka New ART clinic.

Tissue transportation

For the purpose of estimating the impact of transportation,
ovaries were placed in 50-ml conical tubes (Becton—
Dickinson, Bedford, MA, USA) containing 40 ml of
Leibowitz’s medium (L-15; SIGMA, Saint Louis, MO,
USA) supplemented with sodium pyruvate (2 mM), glu-
tamine (2 mM), 10 % (v/v) synthetic serum substitute
(SSS; Irvine Scientific, Santa Ana, CA, USA), penicillin G
(75 pg/ml), streptomycin (50 pg/ml) and ascorbic acid
(50 pg/ml). These preparations were placed on ice in a
vacuum-based cooling box for 6 h (6-h transportation).
Some of the samples were removed from the icebox and
placed in a refrigerator for another 12h (18-h
transportation).

Vitrification and warming
Ovarian cortical tissues were cut into 1 x 10 x 10 mm

pieces and vitrified in accordance with the Cryotissue
method described by Kagawa et al. [13]. Briefly, tissues
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were equilibrated at room temperature in handling medium
[7.5 % ethylene glycol (EG) and 7.5 % dimethyl sulph-
oxide (DMSO) in HEPES-buffered TCM-199 solution
supplemented with 20 % (v/v) SSS] for 25 min and then
transferred to vitrification solution (20 % EG and 20 %
DMSO in HEPES-buffered TCM-199 solution with
0.5 mol/l sucrose) for 15 min. Tissues were placed in a
minimum volume of the vitrification solution on the
Cryotissue metal grid and were immersed in liquid nitrogen
[13]. The warming procedure was performed in four steps.
The tissues were warmed in warming solution supple-
mented with 1.0 mol/l sucrose at 37 °C for 1 min and then
transferred to a diluent solution supplemented with
0.5 mol/l sucrose for 3 min. Next, the tissues were twice
placed in washing solution for 5 min [13].

Vitrified and warmed cortical tissue culture

The vitrified and warmed ovarian cortical fragments were
cut with a scalpel into smaller pieces (1-0.5 mm?) in 2 ml
of pre-warmed Leibovitz’s medium. These pieces were
then individually placed in 24-well cell culture plates
(Corning B.V. Life Sciences Europe, Amsterdam, Nether-
lands) containing 300 pl of McCoy’s 5a medium (SIGMA,
Saint Louis, MO, USA) with bicarbonate supplemented
with HEPES (20 mM), SSS (0.1 %), glutamine (3 mM),
penicillin G (0.1 mg/ml), streptomycin (0.1 mg/ml),
transferrin (2.5 pg/ml), selenium (4 ng/ml), insulin (10 ng/
ml), and ascorbic acid (50 pg/ml). After they were incu-
bated for 24 h at 37 °Cin 6 % CO,, 5 % O,, and 89 % N,
pre-antral follicles were isolated from the small pieces and
OCR measurement was carried out.

Histological analysis

Cortical pieces before vitrification (non-vitrified) and vit-
rified-warmed pieces after either 6 or 18 h of low tem-
perature storage were subjected to histological analysis.
The pieces were fixed in 10 % formalin for 6 h to allow
histological analysis of the follicles. The pieces were then
dehydrated and embedded in paraffin wax. Subsequently,
they were cut into 5-pum-thick sections and stained with
hematoxylin-eosin.

Isolation of pre-antral follicles from vitrified
and warmed cortical tissue

Vitrified and warmed cortical pieces were further cut into
smaller cortical pieces using a scalpel. They were then
rinsed in Dulbecco’s PBS (Invitrogen, Carlsbad, CA, USA)
twice and supplemented with 1 mg/ml collagenase type IV
(Sigma-Aldrich) and digested at 37 °C for 60—80 min. The
digested cortical pieces were transferred to 60 mm culture
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dishes containing 2 ml of Leibowitz’s medium to terminate
enzymatic reaction. Subsequently, pre-antral follicles were
mechanically isolated from cortical pieces using 30 gauge
needles (Dentronics, Tokyo, Japan) for the measurement of
OCR.

Half of the small cortical pieces were subjected to fol-
licular isolation immediately after warming. The other half
were subjected to follicular isolation after 24 h of incuba-
tion in McCoy’s-5a medium.

Scanning electrochemical microscopy

The OCR of follicles was measured on each sample by
SECM using CRAS-1.0 (Clino Ltd., Miyagi, Japan). For
the measurement of OCR, modified human tubal fluid
medium (m-HTF; Irvine Scientific, Santa Ana, CA, USA)
supplemented with 10 % SSS was placed into a cone-
shaped microwell plate. The Pt-microdisk electrode was
scanned according to the z-direction from the side point of
pre-antral follicle that was located at the bottom of a
microwell. The motor-driven XYZ stage, which was
controlled by a computer, was located on the microscope
stage for electrode tip scanning. The oxygen consumption
rate of pre-antral follicles was calculated according to the
spherical diffusion theory using custom software [14].
Measurement of OCR in each follicle was conducted over
30 s for each measurement. Thus, approximately 2 min
were required for three serial measurements, from which
the average respiration activity of each follicle was
calculated.

Viability analysis

The cellular viability of vitrified-warmed follicles was also
evaluated in fluorescent vital stains for both groups (6- and
18-h groups) using a LIVE/DEAD Viability/Cytotoxicity
kit (Molecular Probes, Leiden, Netherlands), according to
the method described by Van den Hurk et al. [15]. This
vital staining kit provides a two-color fluorescence cell
viability assay that is based on simultaneous determination
of live and dead cells. Briefly, in live cells, the virtually
non-fluorescent calcein produces an intense green fluores-
cence by intracellular esterase activity (excitation: 495 nm;
emission: 517 nm). In dead cells, the damaged plasma
membrane permits ethidium homodimer I to enter; upon
binding to nucleic acid, it undergoes a 40-fold enhance-
ment of fluorescence, producing a bright red fluorescence
(excitation: 495 nm; emission: 635 nm).

Statistical analysis

Statistical analyses were performed using the Statcel 3
programs for Excel. For comparisons of the OCRs of pre-

antral follicles in the 6- and 18-h groups, analyses were
performed using the repeated measures analysis of variance
method. The average OCRs of primordial and primary
follicles were compared with Welch’s 7 test. P < 0.05 was
considered statistically significant.

Results

We used non-vitrified cortical tissues in order to evaluate
follicular morphology in ovarian cortical tissue after pro-
longed low temperature. Non-vitrified ovarian tissues after
6 or 18 h of low temperature storage had a similar mor-
phology of their ovarian follicles. In a comparison of non-
vitrified and vitrified-warmed cortical tissue, no alterations
in the morphology of pre-antral follicles were observed
(Fig. 1). Pre-antral follicles were isolated from vitrified
cortical fragments of two patients in the 6-h transportation
group and four patients in the 18-h transportation group.
The fluorescent vital staining using the LIVE/DEAD via-
bility cytotoxicity kit revealed the presence of ubiquitous
intracellular esterase activity was in all 83 vitrified isolated
follicles (36 primordial follicles and 47 primary follicles).
The survival rate of isolated primordial follicles was more
than 95 %, and that of primary follicles was more than
80 % (Table 1; Fig. 2). Furthermore, there were no sig-
nificant differences in the average OCR (mean + SD) of
primordial and primary follicles between the two groups (6
and 18 h). In comparison with OCR of vitrified-warmed
follicles and OCR of 24-h culture after vitrified-warmed
follicles, OCR of 24-h culture after vitrified-warmed pri-
mordial follicles was significantly higher, and that of 24-h
culture after vitrified-warmed primary follicles was higher
in each group (Table 2).

Discussion

The purpose of the present study was to determine the
impact of prolonged low temperature storage prior to
cryopreservation on the viability of vitrified and warmed
human pre-antral follicles using an electrochemical and
enzymatic approach in vitro. Despite the long period of low
temperature storage, the survival rate of primordial and
primary follicles after warming was more than 80 %, and
they were morphologically normal and exhibited high
potential respiratory activity after incubation.

There are many ways to evaluate cell viability. One of
them, intracytoplasmic mitochondrial respiration is a suit-
able marker of cell activity. More than 80 % of the total
adenosine triphosphate (ATP) produced in mammalian
blastocysts is produced via mitochondrial oxidative phos-
phorylation, which requires oxygen [16, 17].
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Fig. 1 The histological analysis of fresh, non-vitrified and vitrified-
warmed pre-antral follicles. a Primordial and primary follicles in
fresh ovary cortical tissue. b Primordial and primary follicles in non-
vitrified ovary cortical tissue after 6 h transportation. ¢ Secondary
follicle in non-vitrified ovary cortical tissue after 6 h transportation.
d Primordial and primary follicles in non-vitrified ovary cortical
tissue after 18 h transportation. e Secondary follicle in non-vitrified
ovary cortical tissue after 18 h transportation. f Primary follicles in
vitrified-warmed ovary cortical tissue after 18 h transportation.
g Primordial to secondary follicles in vitrified-warmed ovary cortical
tissue after 18 h transportation. (200x : hematoxylin-eosin staining).
Scale bar = 20 pm

Table 1 Survival rate of isolated vitrified and warmed pre-antral
follicles

Transport time Follicle stage No. of surviving follicles (%)

6h Primordial 22/23 (95.7)
Primary 33/36 (91.7)

18h Primordial 13/13 (100.0)
Primary 9/11 (81.8)

Abe et al. [18] reported that measuring the OCR using
SECM was an effective protocol in relation to OCR and
mitochondrial activity. This system has given useful
reports as a non-invasive evaluation of mammalian oocyte/
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early embryos including human [18]. It has been reported
that a high OCR in bovine embryos signifies a high
developmental competence and a high conception rate after
embryo transfer [19].

The correlation between OCR and the number of live
cells in vitrified-warmed porcine embryos has been repor-
ted [20]. The results of this study revealed that isolated
follicles from vitrified cortical tissues exhibited attenuated
respiratory activity immediately after warming; however,
they resumed normal activity after 24 h of incubation.

Yamanaka et al. [21] showed that in regard to human
blastocysts, the OCR of a vitrified blastocyst after warming
was significantly lower than that of a non-vitrified blasto-
cyst. Furthermore, after 6 h of incubation it had recovered
to the level exhibited by non-vitrified blastocysts. Though
mitochondrial cytochrome c oxidase activity was not
observed immediately after warming, it was detected 24 h
after warming

We attempted to investigate the OCR of human pre-
antral follicles isolated from vitrified and warmed cortical
tissue after 6 or 18 h of transportation. In comparison with
OCR of vitrified-warmed follicles and OCR of 24-h culture
after vitrified-warmed follicles, OCR of 24-h culture after
vitrified-warmed primordial follicles was significantly
higher, and that of 24-h culture after vitrified-warmed
primary follicles was higher in each group. The reason why
primordial OCR was significantly higher in spite of the
high estimation in the primary follicles group may be the
large difference in standard deviation.

Ovarian tissue cryopreservation is the most promising
alternative to preserve fertility for prepubertal girls and
women who undergo chemotherapy. Auto-transplantation
of slow-freezing cortical tissue has facilitated the birth of
healthy babies since 2004 [2, 22-24].

On the other hand, vitrification is a simple and rapid
procedure that preserves tissues without ice crystal for-
mation, and this strategy has yielded better results in ani-
mal models than slow freezing [25, 26].

However, cryopreservation and the transplantation of
ovarian tissue require advanced techniques, and most ART
clinics have no experience with these strategies. Thus, it is
often necessary to transfer ovarian tissue to a specialty
center.

The viability of fresh ovarian cortical tissue after 4-5 h
of transportation prior to cryopreservation has previously
been validated in the clinical setting, and five children have
been born from transplanted warmed tissue that had been
transported for 4-5 h in Denmark [27, 28]. Schmidt et al.
[27] reported that they transported the ovarian tissues on
ice, so we transported them by the same protocol to pre-
serve the viability of ovarian cortical tissues.

Dittrich et al. [29] reported that one child has been born
after 20 h transportation of ovarian tissue before
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Fig. 2 The dual fluorescent vital stain of vitrified and warmed pre-
antral follicles. a Primordial follicles were isolated from vitrified-
warmed cortical tissue digested with collagenase IV and trimmed
using a 30-G needle. b Primary follicles were isolated from vitrified-
warmed cortical tissue digested with collagenase IV and trimmed
using a 30-G needle. ¢ The intense green fluorescence was detected in

Table 2 Oxygen consumption rate (OCR) in vitrified and warmed
pre-antral follicles

Transport Follicle Tissue condition
time stage — —
Vitrified- Vitrified-warmed
warmed (n)* 24-h culture (n)*
6h Primordial 0.02 £ 0.02 0.07 £ 0.04
(10)° (23)°
Primary 0.03 £ 0.03 (10) 0.12 + 0.09 (22)
18 h Primordial 0.02 £ 0.02 0.11 £ 0.10
(14)° (13)°
Primary 0.04 £ 0.05 (19) 0.28 + 0.22 (19)

# (n) number of sample

b P <0.05
¢ P<005

cryopreservation with subsequent transplantation. In addi-
tion, Rosendahl et al. [30] reported on the ovarian cortex
from a 6-year-old girl that was kept at 4 °C for 20 h prior
to cryopreservation and was subsequently transplanted into
a mouse for 4 weeks; at histological examination, the
transplant showed morphologically healthy primordial
follicles.

Isachenko et al. [31] estimated the impact of transpor-
tation time on the viability of pre-antral follicles in trans-
plants using an in vitro culture system. In their protocol,
ovarian cortical fragments from 5 patients were transferred

| -

ethmd-1: 494/635 nm

primordial follicles. d The intense green fluorescence was detected in
primary follicles. € No red light fluorescence was detected in
primordial follicles of follicular cells. f No red light fluorescence was
detected in primary follicles of follicular cells. Scale bar = 10 pm. a,
¢ and e are images of the same follicle. b, d and f are images of the
same follicle

to a special modified medium for transport of ovarian tis-
sue. The ovarian cortical fragments were cultured in cul-
ture medium for 15 days at 37 °C in 5 % CO,. They
reported that exposure of ovarian tissue to suprazero tem-
peratures for 0-26 h did not inhibit the development of
follicles in subsequent in vitro culture.

The present study directly investigated the effect of
prolonged low temperature storage on the viability of vit-
rified and warmed human pre-antral follicles. We observed
good survival of primordial and primary follicles after
prolonged low temperature storage (up to 18 h) as demon-
strated by assessment of OCR. This strongly suggests that
prolonged transportation of ovarian tissue at low tempera-
tures is feasible and useful in situations in which there are
no available local systems for fertility preservation.
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