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Abstract

Purpose To evaluate the efficiency of an original slow freezing
protocol on the quality and function of human ovarian cortex.
Methods Human ovarian tissues were cryopreserved using a
freezing medium supplemented with propanediol and raffinose
as cryoprotectants and antioxidants (L-glutamine, taurine).
Samples were then frozen using a faster cooling rate than
the usual one. Viability and morphology of follicles, DNA
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fragmentation in follicles and stroma as well as histology of
the vascular endothelium were analyzed before and after freez-
ing/thawing. Moreover, a functional analysis was performed
based on the evaluation of follicular growth and development
in thawed ovarian tissues that were cultured in vitro.

Results Our freezing/thawing protocol allows preservation of
a high proportion of viable follicles and the preservation of the
different follicle developmental stages (p>0.05 versus fresh
control). 70.5+5.2 % of follicles retained an intact morphology
after cryopreservation (p=0.04). Stroma cells but not follicles
exhibited a slight increase of DNA fragmentation after thawing
(»<0.05). Microvessel endothelium within thawed tissues
appeared to be preserved. Granulosa cells showed signs of
proliferation in follicles cultured for 12 days. Secretion of
173-oestradiol significantly increased during in vitro culture.

Conclusions This protocol leads to good preservation of
ovarian integrity and functionality post-thawing and thus
appears as a suitable technique of ovarian tissue cryopres-
ervation in clinical settings. Further research could be ex-
tended to optimize conditions of in vitro culture.

Keywords Human ovarian tissue - Slow freezing - DNA
fragmentation - In vitro culture

Introduction

Constant progress in the diagnosis and treatments has great-
ly improved the life expectancy of adolescents and young
women at risk of premature ovarian failure (POF) due to
oncological and non-oncological disorders [13, 37]. Ovarian
tissue cryopreservation is the only way to preserve fertility
of patients who cannot delay their treatment or who are not
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sexually mature enough to undergo ovarian stimulation for
oocyte or embryo cryopreservation [31, 32].

Controlled-rate freezing is currently the favored freez-
ing method worldwide for therapeutic ovarian tissue
cryopreservation. Despite encouraging results [9], adverse
effects on structure and functionality of human ovarian
tissue have been reported after cryopreservation [41].
Previous studies reported the beneficial effects of 1,2-
propanediol (PrOH) in ovarian tissue cryopreservation
[11, 14] and raffinose for cold storage of various human
tissues before graft [29, 51]. Moreover, antioxidant sup-
plements such as taurine and L-glutamine in freezing
media have been found to reduce cryoinjuries [4, 40].
In an earlier study, follicular growth was observed after
subcutaneous xenografting of human ovarian tissue cry-
opreserved according an original protocol using a serum-
free freezing medium supplemented with PrOH and raf-
finose as well as antioxidants, and a faster freezing
program than the usual one [15, 39]. Nevertheless, fur-
ther studies of the quality and functionality of thawed
ovarian tissue are needed to support the feasibility of this
freezing protocol in clinical settings.

Cortical ovarian tissue contains many different cell
types such as stroma cells, follicles each formed by one
oocyte and granulosa cells, and blood vessels. Adequate
preservation of stroma and vascular system is of funda-
mental importance due to their critical role in follicular
development and restoration of gonadal function after
grafting [47]. Therefore, the efficiency of a cryopreser-
vation protocol has to be evaluated not only by the
analysis of the follicles but also of other cells contained
in cortical ovarian tissue. In vitro culture of thawed
ovarian tissue provides a complementary approach to
xenograft for appreciating the functionality of ovarian
tissue after thawing [42]. Hence, with the aim to further
evaluate the efficiency of our original slow freezing
procedure, we analyzed the quality of the different cor-
tical ovarian elements (follicles, stroma cells and vascu-
lar system) before and after freezing. In addition, a
functional analysis was performed based on the evalua-
tion of follicular growth and development in thawed
ovarian tissues that were cultured in vitro.

Materials and methods

Unless otherwise indicated, all products were purchased
from Sigma-Aldrich (France).

Ovarian tissue

This study was approved by the regional research ethics
committee. Ovarian cortical samples from 13 patients were
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collected during endoscopic surgery for benign cysts, after
written informed consent. The mean age of the women was
28.6+1.5 years [+ Standard Error of the Mean (SEM)].
For each patient, a piece of ovarian cortex overlying the
cyst was excised with scissors and without electrocoagu-
lation. The specimens were immediately immersed in the
basal “medium A” at 4 °C and transported to the labo-
ratory on ice, as previously described [38]. “Medium A”
was composed of: NaCl (94.7 mmol/l), KCI (4.8 mmol/
1), MgSO,; (0.8 mmol/l), NaH,PO4 (1.0 mmol/l),
NaHCO; (25.0 mmol/l), CaCl, (1.8 mmol/l), sodium
lactate (21.3 mmol/l), sodium pyruvate (0.3 mmol/l), D-
glucose (5.5 mmol/l), L-glutamine (25.0 mmol/l), taurine
(0.5 mmol/l), and 0.5 % of human serum albumin (Vitro-
life Sweden AB, Sweden). The cortex was cut into slices
of about 1 cm?® in area and 1 mm in thickness. One
fragment was fixed overnight at 4 °C in Alcohol-
Formalin-Acetic acid (AFA) solution for histological
study. One other piece was used to determine fresh
follicle viability, and the other specimens were frozen.

Freezing and thawing

The freezing medium, “medium B”, consisted of “medium A”
without CaCl, and supplemented with HEPES (21.8 mmol/l),
glycine (50.0 mmol/l), propanediol (3.0 mol/l) and raffinose
(0.05 mol/l) [38]. The “medium B” was added in 3 steps to
“medium A” which contained ovarian slices, to a final dilution
of 1:1 (v/v) under gentle agitation. After 15 min of equilibration
at 4 °C, each slice was transferred to a sterile cryovial (Nunc,
Fisher Bioblock Scientific, France) containing 1.5 ml of cryo-
protective solution and loaded in a programmable freezer (Min-
icool 40 PC, Air Liquide, France). The cooling rate was 2 °C/
min from 4 °C to —11 °C, at which temperature nucleation was
induced by semi-automatic seeding. Then the temperature was
lowered to —40 °C at 2 °C/min and from —40 °C to —150 °C at
10 °C/min. Finally, the cryovials were plunged into liquid
nitrogen for storage.

For the thawing phase, cryovials were immersed ina 37 °C
water bath for 2 min and the cryoprotective solution contain-
ing ovarian slices was diluted in two 5-min steps with the
basal “medium A”, at 37 °C. Each slice was washed twice in
“medium A” for 5 min at 37 °C before proceeding with quality
analysis. For each patient, one fragment was fixed overnight at
4 °C in AFA for histological study. One other piece was used
to determine viability of thawed follicles.

Follicle viability assessment

Follicular viability was assessed after Trypan blue staining
of small enzymatically isolated follicles before freezing and
immediately after thawing as previously described [36].
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Developmental stage and morphological analysis of follicles

Fixed samples were embedded in paraffin and cut into 4 pm
serial sections. Each set of 8 consecutive sections was
mounted per slide and every second slide was deparaffi-
nized, hydrated and stained with hematoxylin, eosin and
saffron (HES). The HES sections were observed by light
microscopy (BX40; Olympus Co., Germany) at x400 mag-
nification. Follicles were classified per developmental stage
according to Gougeon’s criteria [16]. The follicles were
considered atretic if they had an oocyte with eosinophilic
cytoplasm, contraction and clumping of the chromatin ma-
terial. In the result section, primordial and intermediary
follicles have been pooled into one group and termed as
“resting follicles” as previously described [34].

Morphology of follicles was evaluated on the basis of
parameters previously described by Keros et al. [25]. Fol-
licles were classified as intact if no overt signs of oocyte and
GCs degeneration were noted. The oocyte had to be in
contact with the surrounding GCs with the basement mem-
brane of the follicle intact and attached to the GC layer. The
follicles were regarded as degenerated if they contained an
intact oocyte, but showed more than 50 % of the following
signs: detachment of the oocyte from surrounding GCs and/
or vacuolization of ooplasm and/or partially degenerated
GCs and/or detachment of the basal membrane.

Measurement of DNA fragmentation

DNA fragmentation in follicles and stroma cells was detected
by the In situ Cell Death Detection Kit (Roche, France)
according to the manufacturer’s protocol. After rehydratation
and permeabilization, the sections were incubated with the
labeling solution containing dUTP and enzyme solution (Ter-
minal deoxynucleotidyl transferase, Tdt) for 1 h at 37 °C.
After counterstaining with Hoechst 33258 (Invitrogen,
France), the tissue sections were observed by fluorescence
microscopy at x400 magnification (BX51TF; Olympus Co.,
Japan). A negative control was carried out by omitting Tdt
from the reaction mixture. A positive control was performed
by applying DNAse treatment. Follicles with positive TUNEL
staining of the oocyte and/or >50 % of the GCs were consid-
ered as positive [48]. The proportion of TUNEL-positive
stroma cells was evaluated on three fields at x400 magnifica-
tion per section. Images were captured using a digital camera
Nikon DSFI-1 (Nikon, Japan).

Immunohistochemical study of blood vessels

Histology of vessel endothelium was assessed by CD31 immu-
nostaining. Immunohistochemistry was performed using a Ven-
tana Benchmark XT device (Ventana Medical System Inc.,
USA). After rehydratation, the deparaffinized sections were

submitted to heat-induced antigen retrieval in the presence of a
citrate buffer (CC1, Roche). The sections were then incubated
with (1:20 dilution) monoclonal mouse anti-human CD31 (clone
JC/70A, Dako, Denmark) followed by application of the ultra-
View Universal DAB Detection Kit ([45]). Hematoxylin was
used as a counterstain. For the negative control the primary
antibody was omitted. Inflamed human tonsil was used as pos-
itive control. As previously described, blood vessels were con-
sidered intact if the vascular endothelium was whole and without
any sign of detachment [5]. Vascular anomalies were defined as
follows: endothelial detachment, internal elastic membrane rup-
ture, or smooth muscle cell bloating.

In vitro culture of thawed cortical tissues

Frozen/thawed ovarian samples from 5 selected patients were
cultured in vitro. After thawing, one cortical fragment per
patient was cut into small pieces ~1 x1 mm? in size. Tissue
pieces were individually transferred to a 96-well plate coated
with Ultra Low-Attachment Surface (Corning, Escolab, Bel-
gium) in medium consisting of 100 pl/well of pre-equilibrated
«-Minimum Essential Medium-GlutaMAX (Invitrogen, Bel-
gium) supplemented with 10 % HSA (Vitrolife, Sweden),
100 pg/ml of ascorbic acid, 5 ng/ml of insulin, 5 pg/ml-
5 ng/ml of transferrin-selenium as well as 25 mIU/ml of
recombinant FSH (GONAL-f, Merck). Culture took place
for 12 days at 37 °C in a humidified incubator with 5 %
CO; and 5 % O, in air. The culture medium was refreshed
every 3 days by replacing 50 ul of spent medium with fresh
pre-equilibrated medium. Every 6 days of culture, 4 pieces
were removed from each culture and fixed overnight at 4 °C in
AFA for histological and immunohistochemical evaluation.

Immunohistochemical study of cell proliferation

The proliferative status of follicular cells was evaluated by
immunostaining of proliferative cell nuclear antigen
(PCNA). The tissue sections were deparaffinized, rehy-
drated and labeled with a (1:100 dilution) monoclonal
mouse anti-PCNA (Novocastra, Menarini diagnostics,
France) overnight at 4 °C. The second antibody, goat anti-
mouse peroxidase (Amersham, France), was then applied
(1:20 dilution) for 30 min at room temperature. Immunode-
tection was performed with diaminobenzidine (DAB, Vector
NovaRED). Sections were counterstained with hematoxylin.
For the negative control, the first antibody was omitted.
Human mesenteric lymph node was used as positive control.

Assessment of 173-oestradiol (E2) production
during in vitro culture

At the time of culture refreshment, 50 pl of culture medium
were individually collected per plate every 6 days of in vitro
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follicles showed that 95.6+1.3 % from fresh tissue and
70.5+£5.2 % after freezing/thawing were morphologically
intact (p=0.04) (Table 1). Pairwise comparisons showed
a significant difference in the percentage of morpholog-
ically intact resting follicles from frozen/thawed tissue
(70.9+£6.0 %) versus fresh control (97.6+£0.8 %; p=
0.008), but not for the other development stages
(Table 1).

Fig. 1 DNA fragmentation
analysis in follicles and stroma
cells. Pictures on the same line
are of the same sample but
stained using different methods:
the Hoechst 33258 method was
used to check the location of
follicles (left) and the TUNEL
method was used to detect
DNA fragmentation (right). For
each patient, this co-staining
was performed on fresh ovarian
tissue (a, b) and after slow
freezing/thawing using our
method (¢, d). Cryopreservation
induced a slight increase of
DNA fragmentation (green
fluorescence). e, f DNAse-
treated section (TUNEL posi-
tive control) both after Hoechst
(e) and TUNEL staining (f).
Bar=35 pum. The histograms
present the mean percentages (£
SEM) of TUNEL-positive fol-
licles (left panel) and stroma
cells per high power field (right
panel), before (black plots) and
after (white plots) cryopreser-
vation (n=13 patients). *p<
0.05 versus fresh tissue

Assessment of DNA fragmentation

In situ analysis of DNA fragmentation using the TUNEL
method was performed on ovarian follicles and stroma cells
(Fig. 1). Overall, 171 and 170 follicles were observed on
thawed and fresh sections respectively (=13 patients) for
this measurement. Pairwise comparisons showed no signif-
icant difference in the percentage of follicles with DNA
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fragmentation in frozen/thawed (14.5+4.5 %) (Fig. 1c and
d) versus fresh tissue (8.8+£3.9 %) (p=0.26) (Fig. 1a and b).
DNA fragmentation was assessed in 2423 thawed and 3421
fresh stroma cells. A higher percentage of stroma cells with
DNA fragmentation was observed in thawed tissue (16.6+
2.7 %) compared with fresh tissue (6.2+2.0 %, p<0.05)
(Fig. le and f).

Vascular system histology

In both fresh and thawed samples, the superficial cortical
stroma exhibited blood vessels with a narrow lumen
(Fig. 2). No sign of histologic anomalies were found in
either the fresh (Fig. 2a) or the thawed tissue (Fig. 2b).

Functionality of frozen/thawed human ovarian tissue
Follicular growth in culture

After 6 and 12 days of culture (n=5 patients), the distribu-
tion of follicles in various stages was statistically different

compared with day O control (p=0.013). We observed a
decrease in the proportion of resting (day 6: 53.6 %; day

Fig. 2 Vascular system from superficial cortical stroma before and
after freezing/thawing. Histology of the vascular system was assessed
before (a) and after (b) freezing/thawing using specific immunostain-
ing with CD31 monoclonal antibody. Fresh and thawed superficial
ovarian cortex showed blood vessels with narrow lumen. The boxed
regions are magnified in the inset (a, b). No major histological anoma-
lies were found after freezing/thawing. Bar=35 pm
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12: 46.7 %) and primary follicles (day 6: 17.6 %; day 12:
13.3 %). Moreover, an increase in the proportion of second-
ary follicles (day 6: 28.6 %; day 12: 40.0 %) was shown.
The percentage of atretic follicles significantly increased
during in vitro culture, ranging from 1.2 % on day 0, to
62.2 % and 50.0 % respectively after 6 and 12 days of
culture (p<0.001) (Table 2).

Cellular proliferation during follicle growth in culture

No immunostaining of PCNA was observed in the uncul-
tured tissue control (Fig. 3a). In contrast, positive PCNA
immunoreactivity was observed in the GCs of resting, pri-
mary and secondary follicles from day 6 (Fig. 3b) and after
12 days (Fig. 3c) of in vitro culture of thawed tissue (n=5
patients). In addition, several GCs undergoing mitotic divi-
sion of chromosomes were observed on HES stained slides
of cultured tissue (inset Fig. 3b).

E2 production in culture

Compared with day 0 control (90.3+1.2 ng/ml), a signifi-
cant increase of E2 concentration was observed both after
6 days (97.5+7.7 ng/ml) and 12 days (106.0+11.2 ng/ml) of
culture (p<0.01) (n=5 patients). Moreover, E2 concentra-
tion was significantly higher after 12 days compared to
6 days of culture (p=0.01), suggesting a progressive in-
crease of E2 production throughout the culture period.

Discussion

Cryopreservation of ovarian tissue offers a possibility to
preserve the fertility of young women with a high risk of
POF. Improvement of the freezing/thawing procedure is of
fundamental importance to optimize restoration of gonadal
function after grafting. By this study, we have shown the
effectiveness of an original and simple slow freezing proce-
dure to protect ovarian tissue from cryoinjuries.

For our freezing protocol, we chose a combination of
PrOH and raffinose which are respectively penetrating and
non-penetrating cryoprotectants. The use of PrOH in clinical
freezing protocols gives rise to the birth of healthy babies
following cryopreservation of both embryos and mature
oocytes [3, 26, 44]. Human ovarian tissue cryopreserved
with PrOH as cryoprotectant exhibits a satisfactory morpho-
logical preservation of follicles in comparison with fresh
tissue [11, 14]. Moreover, Abir et al. [1] reported better
survival and development of follicles in grafts when fetal
ovarian tissue was cryopreserved using PrOH compared to
dimethylsulfoxide (DMSO). Raffinose was used in order to
prevent cellular damage due to intracellular crystallization
and avoid osmotic shock especially during the thawing
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Table 2 Distribution of follicles in various developmental stages during in vitro culture of frozen/thawed ovarian tissue

Day of in vitro culture Total follicles Follicle distribution

Resting follicles

Primary follicles

Secondary follicles Atretic follicles

n Total % Total % Total % Total %
0 241 163 68,5 46 19,3 29 12,2 3 1,2
6 74 15 53,6 17,9 8 28,6 46 62,2
12 30 7 46,7 13,3 6 40,0 15 50,0

For follicle classification, only healthy follicles (without any sign of atresia) were considered. The results are presented as total number and

proportion (%) of follicles per developmental stage

process. This trisaccharide is one component of the Univer-
sity of Wisconsin solution, reputed to be the most used
solution for perfusion and preservation of livers, kidneys
and pancreases with excellent clinical and experimental
preservation data [22, 29, 51]. Interestingly, a recent study
reported the beneficial effect of raffinose on the post-thaw
survival of metaphase II mouse oocytes [10].

Most investigators use a standard freezing protocol de-
scribed more than 15 years ago for cryopreserving ovarian
tissue of sheep [15]. In this protocol manual seeding is
performed to induce extracellular ice formation and a very
slow post-seeding freezing rate of 0.3 °C/min is applied.
Later studies in sheep reported that using semi-automatic
seeding and increasing the freezing rate from 0.3 to 2 °C/
min was equally effective regarding follicle quality [6, 7].
Applying this freezing rate to cryopreserve human ovarian
tissue would provide a significant time saving compared to
the standard protocol, which would be extremely useful for
routine clinical application.

Our freezing/thawing protocol allows preservation of a
high number of viable follicles and allows the conservation
of the different developmental stages of follicles. The mor-
phology of follicles was well maintained (70.5+£5.2 %) by
our original protocol. For morphological examination of
follicles, we used well-defined histological criteria unlike
other investigators who considered atresia as the sole mor-
phological consequence of follicular cryoinjuries [12, 19].
This might explain the significant difference we observed
between fresh and thawed morphologically intact follicles at
resting stage.

Our protocol did not increase the percentage of follicles
with DNA fragmentation after thawing. The follicles were
thus cryopreserved without subsequent irreversible DNA
damage which can be the consequence of apoptosis and/or
oxidative stress activation [43, 48]. These findings show
clearly the beneficial effects of our procedure, since several
studies in human reported a significant increase of DNA
fragmentation in follicles after ovarian cortex cryopreserva-
tion with Gosden’s procedure [12, 33, 48]. Supplementation
of the collection medium as well as the freezing medium

with taurine and L-glutamine, which have been found to
play an antioxidant role by reducing cryopreservation-
induced oxidative stress, might explain this result [4, 18,
40]. Although we observed a higher percentage of stroma
cells with DNA fragmentation after thawing, this effect
remains slight compared with a previous report [49] since
it concerns only 16.6 % of stroma cells. The explanation for
this observation is most likely linked to the higher sensitiv-
ity of these cells to cryoinjuries [11, 28]. A better under-
standing of the cellular pathways activated by the freezing/
thawing process would enable better optimization of pres-
ervation of stroma cells, whose functions are important for
follicular development [47].

In addition to follicle and stroma quality evaluation, we
further investigated whether cryopreservation affects the
histology of microvessels. Preservation of microvessel in-
tegrity during the freezing/thawing process is a key factor
for successful neovascularization of the ovarian transplant,
and indispensable for the survival of ovarian follicles [30,
46]. In our study, the histology of the vascular system in
thawed tissues appeared well-preserved without any mor-
phological sign of cryodamage. However, CD31 immunos-
taining provides only a global approach and is not a highly
conclusive test of the vascular system quality. It would be
necessary in the future to carry out a functional study using
an ovarian grafting method in order to confirm the viability
status of the cryopreserved vessels.

We used in vitro culture to evaluate the functionality of
cryopreserved tissue, because the integrity of the tissue
immediately after thawing may not reflect its true state. In
vitro culture experiments were conducted using thawed
ovarian samples from 5 patients, presenting the higher num-
ber of follicles according to the previous histological exam-
ination. As shown in previous studies, culture of ovarian
pieces allows cellular interactions between follicles and
surrounding stroma indispensable to sustain follicular
growth initiation [8, 25, 34]. In order to retain the 3D
structure of the follicles, a low-attachment culture system
limiting stroma cell adhesion on the culture support was
used. A recent study reported a positive influence of low-

@ Springer



32

J Assist Reprod Genet (2013) 30:25-34

-

@ Springer

«Fig. 3 Proliferating cell nuclear antigen (PCNA) immunostaining of

follicles from thawed human ovarian tissue in culture. a Unstained
follicles from uncultured thawed ovarian tissue. PCNA-stained gran-
ulosa cells in follicles after 6 days (b) and 12 days (¢) of in vitro
culture. The boxed region in (b) is magnified in the inset; note the
mitotic division of a granulosa cell (black arrow) after 6-day culture.
Bar=35 um

attachment culture conditions on cumulus cell gene expres-
sion and developmental competence of mouse oocytes [35].
To our knowledge, our study is the first which investigates
the feasibility of using this low-attachment system for the
culture of human ovarian tissue.

Our results demonstrate a decrease in the proportion of
early stage follicles and an increase in the proportion of
secondary follicles suggesting an activation of follicular
growth during in vitro culture of frozen/thawed tissue. How-
ever, the decrease in the total number of secondary follicles
observed over the culture period calls into question the real
physiological significance of this follicular growth. Never-
theless, the enhanced 17[3-oestradiol (E2) concentration in
the medium during in vitro culture is an indicator of follic-
ular growth and secondary follicle viability. Indeed, aroma-
tase activity, which is required for the synthesis of E2, is
present only from secondary follicular stages onwards [17].
Our data are in agreement with previous findings showing a
correlation between E2 secretions and follicular growth in
cultures of frozen/thawed tissues [2, 21, 24]. PCNA is a
nuclear protein that plays an essential role in cell cycle
regulation [50]. Positive PCNA staining of follicles, togeth-
er with the presence of mitoses in granulosa cells provide
evidence for the viability of growing follicles in culture.
Taken together, these results indicate that frozen/thawed
follicles can remain functional over the period of culture.
Despite encouraging results regarding functionality and de-
velopmental capacity of follicles under low-attachment con-
ditions, the increasing atresia rate suggests that conditions
for in vitro culture of frozen/thawed ovarian tissues still
need to be optimized. Changes in the composition of the
culture medium such as a supplementation with GDF-9,
BMP15 and IGF-I which have been found to improve sur-
vival rate and promote follicular growth in culture, should
be considered [20, 23, 27].

In conclusion, the present study shows that after freezing/
thawing according to this protocol, human ovarian cortex
retains its post-thaw integrity, plus functionality markers
during in vitro culture. These promising results tend to show
that this freezing/thawing protocol is efficient and may be a
suitable technique for ovarian tissue cryopreservation in
clinical settings. Further research could be extended to op-
timize in vitro culture of thawed ovarian tissue.
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