Effects of different freezing parameters on the
morphology and viability of preantral follicles after
cryopreservation of doe rabbit ovarian tissue
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Objective: To compare the effects of dimethyl sulfoxide (DMSO), 1,2-propanediol (PROH), sucrose, trehalose,
concentration of cryoprotectants, equilibration method, and postseeding freezing rate on doe rabbit ovarian tissue
preservation after freezing, using fractional experimental design.

Design: Experimental prospective study.

Setting: Research institute in veterinary and agronomic colleges.

Animal(s): Californian doe rabbits.

Intervention(s): Ovarian cortices were prepared from ovaries collected in slaughterhouse. Fractional experimental
design was used to evaluate simultaneously five chemophysical factors influencing the cryopreservation of ovarian
tissue.

Main Outcome Measure(s): Follicle viability by Live/Dead® viability/cytotoxicity kit and histologic evaluation of
the ovarian tissue.

Resuli(s): Experimental design suggests that equilibration method and cryoprotectant concentration have no ef-
fect on the proportion of normal follicles. Penetrating and nonpenetrating cryoprotectants seems to influence the
preservation of the follicles with advantage for PROH and trehalose. The follicular preservation seems to be highly
influenced by the postseeding freezing rate. Freezing rate of 0.3°C/min seems to be less deleterious than 2°C/min.
Morphologic preservation ratio reaches 85% using PROH and trehalose.

Conclusion(s): Cryopreservation of doe rabbit ovarian tissue using conventional cryoprotectant and 0.3°C/min as
freezing rate seems to be a promising technique and could be used as a model for women. (Fertil Steril® 2008;89:
1348-56. ©2008 by American Society for Reproductive Medicine.)
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The preservation of female gametes has important medical
and veterinary applications. The cryopreservation of the
ovarian tissue is a promising technique which allows the
simultaneous preservation of thousands of follicles located
in the ovarian stock, up to the primary stage. Because no
stimulation is necessary, it could be used as an emergency
preservation method. Immature follicles are better suited to
cryopreservation because of their small size and the absence
of zona pellucida and because they are metabolically quies-
cent and undifferentiated (1). By these properties, frozen
ovarian tissue takes advantage over cryopreservation of
mature oocytes.

The cryopreservation of ovarian tissue has been developed
in women to preserve the fertility of young cancer patients
before a gonadotoxic treatment (e.g., chemotherapy or radio-
therapy). After cancer remission, it may restore the natural
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reproductive function of these women after autografting.
Even though ovarian cryopreservation is still experimental,
it is today performed for young patients who risk becoming
sterile because of gonadotoxic treatments (2). Moreover,
the cryopreservation of ovarian tissue could be applied to
the preservation of animal genetic resources: endangered
wild species, domestic breeds, transgenic animals, or bio-
medical models. Doe rabbits may constitute a model for the
human and the animal applications of the ovarian tissue cryo-
preservation, because of their biologic and breeding charac-
teristics. Because its prolificity is high (~10 kits per litter,
every 42 days) and its generation interval is reduced (5-6
months), the rabbit would allow rapid assessment of the
long-term deleterious effects of the cryopreservation process
over successive generations. The rabbit is also the most used
among the nonrodent species for regulatory teratology stud-
ies. Finally, the rabbit model was chosen because of its cheap
breeding management and its easy manipulation. Gene banks
have been established to collect and to store the genetic ma-
terial of such animals (3). This method could represent a new
tool for genetic resources storage by the female pathway.

After cryopreservation, mature oocytes could be obtained
from the ovarian tissue by grafting or in vitro folliculogenesis.

0015-0282/08/$34.00
doi:10.1016/j.fertnstert.2007.03.046


mailto:cryobio@vet-lyon.fr

Live offspring have been born from cryopreserved ovarian
tissue autografted or allografted in mice (4-7), rabbits (8),
ewes (9-12), and women (13, 14). Large antral follicles
developed after xenograft of frozen ovarian tissue from -
different animal species into immunodeficient mice
(15, 16) and also in humans (17-21). Although offspring
were obtained from cryopreserved ovarian tissue, it is neces-
sary to determine the critical steps of the freezing protocol by
in vitro evaluation before grafting.

Cryopreservation process is influenced by several chemo-
physical parameters affecting directly or not the equilibration
time, the freezing up to the storage temperature, and the
thawing. The equilibration in cryoprotective solutions partly
replaces the inner cell water by cryoprotective agents (CPA).
However, the CPAs can be damaging to cells, especially
when used at high concentrations. The toxicity can be
reduced by decreasing the time or the temperature of the
equilibration step (22). But equilibration at low temperatures
requires increasing the exposure time to freezing solution.
Furthermore, CPAs may have dramatic osmotic effects
upon cells during their addition and removal. Consequently,
the use of several steps of increasing CPA concentrations dur-
ing the equilibration allows reducing the osmotic gradient.
Cells exposed to such penetrating CPAs undergo initial dehy-
dration followed by rehydration and potential gross swelling
upon removal. This osmotic shock may generate membrane
damage by mechanical means and predisposition of the cell
to injuries during the other steps of cryopreservation or
even cell death (23). During the freezing step, follicular pres-
ervation depends on the nature and concentration of CPA.
Freezing rate and temperature of seeding also influence the
ice properties. Finally, thawing and removal of CPA depend
on temperature and on presence of nonpenetrating CPA lim-
iting the osmotic swelling during rinsing.

The objective of the present work was to distinguish the
effects of five chemophysical factors which may influence
the morphology and the viability of preantral follicles after
cryopreservation of doe rabbit ovarian tissue. Each factor
was evaluated according to two modalities. Two penetrating
CPAs—dimethylsulfoxide (DMSO) and 1,2-propanediol
(PROH)—were evaluated at two concentrations (1.5 mol/L
and 2 mol/L). Two nonpenetrating CPAs (sucrose and treha-
lose), two freezing rates (2°C/min and 0.3°C/min, postseed-
ing), and two equilibration methods (1 step and 3 steps)
were evaluated also. In a second part, the most adaptive
modalities of these chemophysical factors were evaluated
in a wider population.

MATERIALS AND METHODS

Collection of Ovaries and Preparation of the Ovarian
Tissue

The ovaries from young (12-15 weeks old) female Califor-
nian rabbits were collected at the slaughterhouse and placed
in TCM 199 immediately after the death of the animal. The
ovaries were transfered to the laboratory within 1.5 hours.
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According to previous results (24), the transport was
performed at 10°C to limit the effects of the ischemia. The
ovaries were dissected free of fat and mesentery into TCM
199. Any remaining stromal tissue was gently removed until
the cortex had a thickness of 1 mm. For each ovary, the ovar-
ian cortex was divided into two to three equal fragments
(around 0.3 to 0.6 cm? each) according to the experiment.
For each experiment, one fragment per female was fixed as
control in 4% paraformaldehyde before treatment. Unless
otherwise indicated, all chemicals were obtained from Sigma
(St. Louis, MO).

Evaluation of Cryopreserved Ovarian Tissue

Histologic protocol and morphologic evaluation Ovarian
fragments were fixed in 4% paraformaldehyde for 24 hours
at room temperature. After dehydration and embedding in
paraffin wax, fragments were cut (semiserial sections 4 um
thick every 10 um) and stained with hematoxylin and eosin.
Primordial to primary follicles—from oocytes surrounded by
flattened granulosa cells to oocytes surrounded by one layer
of cuboidal granulosa cells (25)—were classified into four
types of morphologic defects:

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

Type 1I: follicle with cytoplasmic defect. Cytoplasm of the
oocyte is vacuolized or eosinophilic.

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

Type 1V: degenerated follicle. Oocyte with combined cyto-
plasmic and nuclear defects or follicle with irregular shape
or with disjoined follicular cells or with swollen follicular
cells.

One hundred primordial to primary follicles with a visible
nucleus were examined for each ovarian fragment. Morpho-
logic preservation ratio was defined as percentage of type I
follicles after preservation/percentage of type I follicles
before preservation.

Follicular viability assay Viability of follicles was evaluated
on isolated follicles by live/dead test using calcein AM and
ethidium homodimer I stains (Live/Dead® Viability/Cytotox-
icity Kit (L-3224); Molecular Probes, Leiden, The Nether-
lands).

Isolation of small follicles. Ovarian fragments were finely dis-
sected in TCM 199 at room temperature and incubated with
collagenase type I (0.5 mg/mL) at 37°C for 1.5 hours and
gently pipetted every 30 min. Collagenase action was
blocked by addition of fetal bovine serum (FBS). The suspen-
sion was filtered through a 60-um nylon filter (Fisher Bio-
block Scientific, Illkirch, France) to recover the small
follicles and centrifuged at 400g for 5 minutes. The pelleted
cells were resuspended with 30 uL. Euroflush medium (IMV,
L’ Aigle, France).



Viability test using calcein AM and ethidium homodimer |.
Calcein AM and ethidium homodimer I were used for the
observation of living and dead cells, respectively. Calcein
AM is a nonfluorescent dye that is hydrolyzed by intracellular
esterases and generates intense green fluorescence in living
cells (excitation/emission = 494/517 nm). Ethidium homo-
dimer I passes through damaged cell membranes and binds
to DNA, thereby producing a bright red fluorescence in
dead cells (excitation/emission = 528/617 nm).

Calcein (2 umol/L)/ethidium (4 umol/L) solution was
added to the cellular suspension. After 10 minutes of incuba-
tion in darkness, cell suspension was examined under an
inverted microscope (IX-71; Olympus, Rungis, France)
equipped for epifluorescence examination.

Use of a conventional fluorescein long-pass filter
allowed simultaneous visualization of calcein AM metab-
olite and ethidium homodimer. Follicles were preselected
under direct light before epifluorescence observation (26,
27).

One hundred follicles were observed for each ovarian frag-
ment and classified as live or dead follicles (Fig. 1). Follicles
presenting a live oocyte but more than one half of dead follic-
ular cells were considered to be dead. Follicles presenting
a dead oocyte but live follicular cells were also considered
to be dead.

Viability ratio was defined as percentage of viable follicles
after preservation/percentage of viable follicles before
preservation.

Experiment I: Discrimination Between Freezing
Parameters

Experimental design and statistical analysis A fractional
experimental design 2©? (The nomenclature 2P is related
to a two-level factorial design that is run for the evaluation of

FIGURE 1

Neto. Cryopreservation of ovarian tissue. Fertil Steril 2008.

View of viability evaluation of isolated preantral follicles. (a) Direct observation of isolated ovarian follicles.
(b) Fluorescent staining with calcein AM and ethidium homodimer I. No dead follicle is shown in this view.

k factors and a resolution of p. The experimental design al-
lows simultaneous evaluation of all main effects and all inter-
action effects. The resolution is related to the expected alias
pattern. A resolution p = 2 indicates that main effects may be
aliased with 2 factor interactions. The value 2P is also
related to the final number of evaluated combinations of each
parameters.) was elaborated (Table 1) to evaluate the com-
bined effect of five different factors according to two modal-
ities for each of them (Table 2) (28). This experimental
design allowed discriminating between five factors influenc-
ing the cryopreservation process and the interactions between
penetrating CPA and concentration of penetrating CPA.

Eight combinations of factors were performed. For each of
them, the ratio of morphologic preservation and the ratio of
viability of the preantral follicles were recorded. The linear-
ity (structural and estimated model) of the experimental
model was evaluated by an analysis of variance (ANOVA)
test. One randomly chosen assay was replicated three times
to estimate the experimental error. Ten experiments were
randomly performed.

Multilinear regression was performed using all the vari-
ables to evaluate experimental results according to this model:

V= B0+ 681 Xi + 8:X5 + 63X3 + B,Xs + B5Xs
+ 81X X, +E

Differences were considered to be statistically significant
when P<.05.

Cryopreservation process After isolation, ovarian cortices
were equilibrated in the freezing media at room temperature.
According to the experimental design (Tables 1 and 2), the
equilibration was performed in one step (directly in the final
freezing solution for 10 minutes) or in three steps (variable
x5). For the three-step equilibration, ovarian cortices were
immersed in successive baths of increasing concentration

100 pm
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TABLE 1

Fractional experimental design 22 used to
evaluate the cryopreservation protocols.

| X1 X2 X3 X4 X5 X1.X2

1 4+ -1 =1 =1 4+ -1 41
2 +1 +1 -1 -1 41 1 -1
3 41 -1 +1 -1 -1 +1 -1
4 1+ +1 -1 -1 -1+
5 1 -1 -1 41 -1 41 +1
6 +1 +1 -1 41 -1 -1 1
7 1 1 41 41 1 1
8

R

Neto. Cryopreservation of ovarian tissue. Fertil Steril 2008.

of penetrating CPA (0.5, 1.0, and 1.5 or 2.0 mol/L) for 5 min-
utes each. Freezing solutions were composed of TCM 199,
supplemented with 10% FBS and 1.5 mol/L or 2.0 mol/L.
(variable x2) of penetrating CPA (variable x1; DMSO or
PROH) and 0.2 mol/L sucrose or trehalose (variable x3).
Sucrose or trehalose was added in the last equilibration step.

Freezing of ovarian fragments was performed in 1 mL CBS
straw (IMV, L’ Aigle, France), thermowelded at the two ex-
tremities. Cryopreservation was performed with a program-
mable freezer (Freeze Control; Cryologic, Victoria,
Australia). Ovarian cortices were cooled from 21°C up to
the seeding temperature at the rate of 2°C/min and hold for
2 minutes at this temperature before seeding. Manual seeding
was performed by touching the straw with a cotton swab pre-
cooled in liquid nitrogen up to the start of crystallization.
Seeding was performed at —7°C or —9°C for freezing media
composed of 1.5 mol/L or 2 mol/L penetrating CPA, respec-
tively. Five minutes after seeding, samples were frozen via
two freezing rates (variable x4; 2°C/min vs. 0.3°C/min) to
—35°C followed by a rapid decreasing in temperature to
—140°C (mean of 3.4°C/min) before immersion in liquid
nitrogen. Histologic observation and viability evaluation
were performed as control before freezing.

TABLE 2

Dependent variable list.

Variable Level —1 Level +1

X1: Penetrating CPA DMSO PROH

X2: Concentration 1.5 mol/L 2 mol/L
of penetrating CPA

X3: Nonpenetrating trehalose sucrose
CPA

X4: Freezing rate 0.3°C/min  2°C/min

X5: Equilibration 1 step 3 steps

Neto. Cryopreservation of ovarian tissue. Fertil Steril 2008.
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Thawing process Thawing was performed by immersion of
straws in a water bath at 37°C until the ice melted. The
CPAs were removed step by step in four successive baths
of TCM 199 + 10% FBS, supplemented by 0.2 mol/L sucrose
and decreasing concentration of penetrating CPA (1.0, 0.5,
and 0 mol/L); final bath was TCM 199 + 10% FBS alone.
Each step was performed at room temperature for 5 minutes.
Each ovarian cortex was then divided into two fragments
for the subsequent histologic observation and the viability
evaluation.

Experiment II: Evaluation of Freezing Protocols

Thirty ovarian pieces from 10 females were treated according
to the results obtained in experiment 1. Ovarian cortices were
equilibrated (three steps) in the freezing media based on
TCM 199 and 10% FBS at room temperature. The freezing
media was supplemented with 1.5 mol/L DMSO or PROH
and 0.2 mol/L sucrose or trehalose. Freezing of ovarian frag-
ments was performed as described in experiment I. Seeding
was performed at —7°C and freezing up to —35°C was per-
formed at a 0.3°C/min rate. Thawing, histology, and viability
tests were performed before and after cryopreservation as
described previously.

Statistical Analysis

One-way ANOVA for equally sized groups was used to
compare the proportion of normal or viable follicles before
and after cryopreservation and the morphologic and viability
ratios (ANOVA 1, Stat View for Windows; SAS Institute,
Cary, NC). Treatments were considered to be significantly
different when P<.05.

RESULTS

Experiment I: Discrimination Between Freezing
Parameters

The experimental variability expressed as the repetition of
one single combination shows that both the structural and
the estimated models of this experimental design are valid
when considering the morphologic preservation ratio of the
follicles. The concentration of the penetrating CPA (P=.67)
and the number of equilibration steps (P=.19) seem to have
no significant effect on the morphologic preservation ratio
of ovarian follicles. The nature of the penetrating and nonpe-
netrating CPA seems to influence the morphologic preserva-
tion ratio of the follicles (P=.08 and P=.07, respectively)
though nonsignificantly. Dimethylsulfoxide tends to reduce
the morphologic preservation ratio compared with PROH.
Morphologic preservation ratio is increased in the presence
of trehalose compared with sucrose. The freezing rate seems
to be the factor that has the greatest impact on the morpho-
logic preservation ratio of the follicles. At a freezing rate of
0.3°C/min we observed a significant increase of the follicular
morphologic preservation ratio compared with 2°C/min
(P<.01). No significant interaction was observed between
the nature of the penetrating CPA and its concentration.



Considering the viability ratio of the follicles, the experi-
mental variability expressed as the repetition of one combina-
tion shows that this model of experimental design is not valid.
None of the evaluated chemophysical factors can be discrim-
inated when considering the viability ratio.

Experiment Il: Comparison of Cryopreservation Processes
According to the results of experiment I, the precise evalua-
tion of the best combination of factors influencing positively
the morphologic preservation ratio (three-step equilibration
protocol, 1.5 mol/LL. DMSO or 1.5 mol/L PROH, medium
supplemented with sucrose or trehalose, 0.3°C/min freez-
ing rate) was performed as described in Material and
Methods.

Results are summarized in Table 3 and Figure 2. In control
fragments, we observed 72.6 + 2.8% and 77.7 £ 3.9% type 1
follicles (no significant difference). Proportion of viable fol-
licles for sucrose control groups (76.4 4+ 2.5%) was signifi-
cantly lower than for trehalose control group (85.9 + 1.9%;
P<.05; Table 3). Consequently, comparison between the
four cryopreserved groups can be realised on the basis of
the viability ratio (Fig. 2).

No statistical difference of the proportions of type I folli-
cles is found between sucrose and trehalose (50.2 4+ 4.1%
vs. 51.1 & 1.8%, respectively) when using DMSO for cryo-
preservation. When using PROH as penetrating CPA, the pro-
portion of type I follicles was lower after cryopreservation
with sucrose compared with trehalose (55.0 &+ 3.8% vs.
65.0 £ 3.3%, respectively; P<.05). When freezing with
trehalose, the proportion of type I follicles was higher with
PROH compared with DMSO (65.0 + 3.3% vs. 51.1

TABLE 3

Morphologic and viability evaluation of frozen/
thawed ovarian tissue before and after
cryopreservation.

Morphologic Viability
evaluation evaluation
(% type ) (% viable)

Control 72.6 + 2.8%2° 76.4 + 2.5%2
Sucrose
DMSO 50.2 + 4.1%" 79.8 + 3.1%2
PROH 55.0 + 3.8%" 74.7 + 2.7%2
Control 77.7 + 3.9%2 85.9 + 1.9%"
Trehalose
DMSO 51.1 + 1.8%" 78.0 + 2.3%°
PROH 65.0 + 3.3%° 79.8 + 2.7%°°

Note: Results are expressed as mean + SEM. In each
column, different superscripts represent a significant
difference (P<.05).

Neto. Cryopreservation of ovarian tissue. Fertil Steril 2008.
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+ 1.8%, respectively; P<.01). Nevertheless, the proportions
of type I follicles were significantly reduced after cryopreser-
vation, whatever the penetrating and the nonpenetrating
CPAs were (from P <.01 to P<.001; Table 3). No significant
difference was observed between the different groups of
frozen ovarian cortices when considering the morphologic
preservation ratio (Fig. 2).

Before freezing, type Il follicles represented the most im-
portant part of follicles with morphologic defect (19.1 +
2.9% and 16.1 £ 3.2% in sucrose and trehalose groups,
respectively). After cryopreservation, follicular defect of
type IV (degenerated follicles) was the most important
type of morphologic defect: 32.5 + 4.8% and 24.0 £+
1.9% after freezing using DMSO with sucrose and treha-
lose, respectively, versus 27.2 £ 5.6% and 18.1 £ 3.0%
after freezing using PROH with sucrose and trehalose,
respectively.

No significant difference was observed between the differ-
ent groups when considering the viability ratio, except for the
combination DMSO/trehalose, where viability ratio was
lower than with DMSO/sucrose (P<.05; Fig. 2).

The general aspect of ovarian tissue before and after cryo-
preservation shows a good preservation of structural architec-
ture (follicular structure and connective tissue). Spaces are
observed in some cases in the ovarian stroma and the albugi-
nea (Fig. 3). Epithelial cells are often absent compared with
the fresh ovarian tissue.

DISCUSSION

The use of a fractional experimental design allowed evaluat-
ing simultaneously five chemophysical factors influencing
the cryopreservation of the ovarian tissue. The experimen-
tal design gives a general view of the results and distin-
guishes the most valuable factors. Finally, the factors
which seemed to have a discriminating effect on follic-
ular morphologic preservation were evaluated in a wider
population.

The results of the experimental design show that the most
important chemophysical factor influencing the morphology
of ovarian follicles is the freezing rate after seeding. A slow
freezing rate (0.3°C/min) seems to be more appropriate for
the cryopreservation of the doe rabbit ovarian tissue. Most
authors use a similar slow freezing rate, which is derived
from embryo freezing protocols. However, few studies
show the importance of this freezing parameter. In contrast
to the present study, Demirci et al. (29) observed a high
(but nonsignificant) proportion of follicles without any mor-
phologic defect after a postseeding freezing rate of 2°C/min
in the ewe. Nevertheless, Gook et al. (30) also observed a bet-
ter follicular preservation when using a slow freezing rate
(0.3°C/min) with human ovarian tissue. Whereas Cleary
etal. (31) observed no difference in terms of follicular growth
after grafting, between a conventional embryo freezing pro-
tocol (0.3°C/min) and a passive cooling at 1°C/min from
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a significant difference (P<.05).
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FIGURE 2

Morphologic preservation ratio (white bars) and viability ratio (black bars), mean + SEM, after freezing with
DMSO or PROH associated with sucrose or trehalose. For each group, different superscripts represent
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0°C to —84°C on the mouse ovarian tissue. Although both of
these cooling rates (0.3°C/min and 2°C/min) could be
considered slow, the results may be explained by a difference
in cell dehydration during the postseeding step. With rapid
cooling rates, we can hypothesize that time required for the
exosmosis of the cell water is insufficient and consequently
promotes the formation of lethal intracellular ice. Although
at very slow cooling rates, a high level of dehydration occurs
with concomitant increase in solute concentration (salting
out).

The present experimental design revealed a crucial role
of the penetrating and the nonpenetrating CPA, despite no
significant evidence. Among the various freezing protocols
described in the literature, those using DMSO or PROH
as penetrating CPA seems to be more efficient, whatever
the species. Experiment II allowed us to evaluate them in
detail. The results suggest that PROH and trehalose improve
the follicular morphologic quality after freezing. Cryopres-
ervation with sucrose seems to improve the viability of
follicles. And viability ratio of follicles is significantly
higher using sucrose plus DMSO than using trehalose plus
DMSO. Nevertheless, concerning the morphologic preser-
vation ratio, no significant difference is observed. So we
may hypothesize that the combinations PROH/trehalose
or DMSO/sucrose have similar protective effect against
the freezing damages during the cryopreservation process.
Sugars are not systematically associated with penetrating
CPA, but Marsella et al. (32) showed the advantageous
effect of sucrose. Trehalose has been frequently used
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in embryo cryopreservation but not in ovarian tissue
cryopreservation.

Sucrose and trehalose share the property to stabilize cellu-
lar membranes and proteins via the formation of hydrogen
bonds with polar residues of phospholipidic membrane.
This property allows preserving the membrane integrity un-
der anhydrous conditions. Moreover, it modifies the temper-
ature at which the separation of lipid phase occurs during
cooling (33-35). Compared with other sugars, trehalose
seems to have a higher capacity to preserve biomolecules,
cellular membrane, and cells in a drying or in a freezing state
(36-40).

Few comparable studies have been reported in the cryo-
preservation of doe rabbit ovarian tissue (41). The difference
between morphologic preservation ratio and viability ratio
for each treatment may be explained by the capacity of dam-
aged follicle to survive. Little follicular growth after auto-
grafting of cryopreserved hemiovary was obtained by
Daniel et al. (42) using glycerol as CPA. Recently, Almodin
et al. (8) obtained live offspring after grafting of small
fragments of cryopreserved rabbit ovarian tissue using 1.5
mol/L. DMSO and a very slow postseeding freezing rate.

Most authors have observed a reduction of normal follicles
in frozen/thawed ovarian tissue compared with fresh control
when using similar freezing protocols in the mouse (43), the
goat (44), the cow (45), and the ewe (29). But no morphologic
difference was observed in human follicles before and after
cryopreservation (46, 47). Newton et al. (1) observed similar



spaces in ovarian tissue after freezing.

Neto. Cryopreservation of ovarian tissue. Fertil Steril 2008.

FIGURE 3

Morphologic view of doe rabbit ovarian cortex before and after cryopreservation. (a) Control group. (b) After
freezing with PROH and trehalose. (c) After freezing with DMSO and trehalose. (d) After freezing with PROH and
sucrose. Black arrows: type | primordial to primary follicles; white arrows: type IV follicles; gray triangles:

proportions of “viable” follicles after freezing when using
DMSO, ethylene glycol, or PROH and xenografting. Finally,
Schubert et al. (48) observed a high proportion of morpholog-
ically normal follicles (79%) after tissue cryopreservation in
a serum-free media composed of PROH and raffinose supple-
mented with taurine and L-glutamine.

The Live/Dead® test seems to be a good complementary
method for the evaluation of the ovarian follicles’ viability
and for completing the morphologic assessment allowed by
histology. It is easy and faster to perform and seems to be
more discriminating than trypan blue staining. It could also
be used directly in fresh tissue section, but detection of
dead follicles seems to be more difficult (48).

For the first time, a complete evaluation process of impor-
tant factors influencing the morphology and the viability
of preantral follicles has been performed after equilibration
process and freezing. The present results suggest that cryo-
preservation of doe rabbit ovarian tissue is a promising tech-
nique. More than 85% of initially normal follicles are
preserved after cryopreservation using 1.5 mol/LL PROH
and 0.2 mol/L trehalose. The present results suggest that
doe rabbit could be used as a biomedical model to investigate
the long-term consequences of cryopreservation on ovarian

Neto et al. Cryopreservation of ovarian tissue

follicles and the future birth of offspring. Moreover, these
results are sufficient to hope for the application of this
technique to preserve the animals’ genetic resources by the
female pathway. This technique could be used as a com-
plementary tool to embryo and semen cryopreservation tech-
niques. But live births after allograft will objectively confirm
the good results obtained after cryopreservation of doe rabbit
ovarian tissue which will be used to complete cryobanks.
Moreover, allograft is feasible in this species, according
to the study of Petroianu et al. (49). We have therefore
commenced to study autograft in this species and hope
to demonstrate the appropriateness of this technique in the
future.

Acknowledgments: The authors thank the Laboratory of Pathologic Anatomy
(Veterinary College, Lyon) for access to their facilities. The authors also ex-
press their gratitude to the “Saroja Volailles” slaughterhouse (St. Jean de
Bournay, France) for allowing the recovery of ovaries. Special thanks go
also to the Région Rhone-Alpes for their grant.

REFERENCES

1. Newton H, Aubard Y, Rutherford A, Sharma V, Gosden R. Low temper-
ature storage and grafting of human ovarian tissue. Hum Reprod
1996;11:1487-91.

Vol. 89, Suppl 3, May 2008



10.

11

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Poirot C, Vacher-Lavenu MC, Helardot P, Guibert J, Brugieres L,

Jouannet P. Human ovarian tissue cryopreservation: indications and fea-
sibility. Hum Reprod 2002;17:1447-52.

. Danchin-Burge C, Bibé B, Planchenault D. The French National Cryo-

bank: a germ plasm cryo-collection for livestock animal species. In: Bo-
let G, ed. 10eme Journées de la Recherche Cunicole. Paris: ITAVI, 2003:
35-8.

. Parrott DMV. The fertility of mice with orthotopic ovarian grafts derived

from frozen tissue. J Reprod Fertil 1960;1:230-41.

. Waterhouse T, Cox SL, Snow M, Jenkin G, Shaw J. Offspring produced

from heterotopic ovarian allografts in male and female recipient mice.
Reproduction 2004;127:689-94.

. Candy CJ, Wood MJ, Whittingham DG. Restoration of a normal repro-

ductive lifespan after grafting of cryopreserved mouse ovaries. Hum
Reprod 2000;15:1300—4.

. Sztein J, Sweet H, Farley J, Mobraaten L. Cryopreservation and ortho-

topic transplantation of mouse ovaries: new approach in gamete banking.
Biol Reprod 1998;58:1071-4.

. Almodin CG, Minguetti-Camara VC, Meister H, Ferreira JO, Franco RL,

Cavalcante AA, et al. Recovery of fertility after grafting of cryopreserved
germinative tissue in female rabbits following radiotherapy. Hum Reprod
2004;19:1287-93.

. Gosden RG, Baird DT, Wade JC, Webb R. Restoration of fertility to

oophorectomized sheep by ovarian autografts stored at —196 degrees
C. Hum Reprod 1994;9:597-603.

Salle B, Demirci B, Franck M, Rudigoz RC, Guerin JF, Lornage J. Nor-
mal pregnancies and live births after autograft of frozen-thawed hemi-
ovaries into ewes. Fertil Steril 2002;77:403-8.

. Baird DT, Campbell B, de Souza C, Telfer E. Long-term ovarian function

in sheep after ovariectomy and autotransplantation of cryopreserved
cortical strips. Eur J Obstet Gynecol Reprod Biol 2004;113(Suppl 1):
$55-9.

Gutierrez Gutierrez A, Vargas M, Corona A, Gonzalez C, Echeverry M,
Tovar G, et al. Restoration of fertility in sheep with autologous transplan-
tation of ovarian tissue cryopreserved with slow freezing protocol and ei-
ther DMSO or PROH as cryoprotectants. Hum Reprod 2003;18(Suppl 1):
XViii75-6.

. Donnez J, Dolmans MM, Demylle D, Jadoul P, Pirard C, Squifflet J, et al.

Livebirth after orthotopic transplantation of cryopreserved ovarian
tissue. Lancet 2004;364:1405-10.

Meirow D, Levron J, Eldar-Geva T, Hardan I, Fridman E, Zalel Y, et al.
Pregnancy after transplantation of cryopreserved ovarian tissue in a pa-
tient with ovarian failure after chemotherapy. N Engl J Med 2005;353:
318-21.

Gunasena KT, Lakey JR, Villines PM, Bush M, Raath C, Critser ES, et al.
Antral follicles develop in xenografted cryopreserved African elephant
(Loxodonta africana) ovarian tissue. Anim Reprod Sci 1998;53:265-75.
Candy CJ, Wood MJ, Whittingham DG. Follicular development in cry-
opreserved marmoset ovarian tissue after transplantation. Hum Reprod
1995;10:2334-8.

Oktay K, Newton H, Mullan J, Gosden R. Development of human
primordial follicles to antral stages in SCID/hpg mice stimulated with
follicle stimulating hormone. Hum Reprod 1998;13:1133-8.

Gook DA, McCully BA, Edgar DH, McBain JC. Development of antral
follicles in human cryopreserved ovarian tissue following xenografting.
Hum Reprod 2001;16:417-22.

Gook DA, Archer J, Nelson A, Riley C, Edgar DH, McBain J. Histolog-
ical changes following hCG administration in human cryopreserved
ovarian tissue transplanted in immunodeficient mice. Fertil Steril
2002;77:S6.

Gook DA, Edgar DH, Borg J, Archer J, Mac Bain JC. Diagnostic assess-
ment of the developmental potential of human cryopreserved ovarian tis-
sue from multiple patients using xenografting. Hum Reprod 2004;20:72-8.
Gook DA, Edgar DH, Borg J, Archer J, Lutjen PJ, McBain JC. Oocyte
maturation, follicle rupture and luteinization in human cryopreserved
ovarian tissue following xenografting. Hum Reprod 2003;18:1772-81.
Karlsson JOM, Toner M. Long-term storage of tissues by cryopreserva-
tion: critical issues. Biomaterials 1996;17:243-56.

Fertility and Sterility®

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

34.

36.

37.

38.

39.

40.

41.

42.

43

44.

45.

Mazur P, Schneider U. Osmotic responses of preimplantation mouse and
bovine embryos and their cryobiological implications. Cell Biophys
1986;8:259-85.

Neto V, Joly T, Lornage J, Corrao N, Buff S, Guérin P. Cryoconservation
du tissu ovarien chez la lapine. Toxicité des milieux de transport des ov-
aires. In: 11eme Journées de la Recherche Cunicole. Paris: ITAVI, 2005:
87-90 (French).

Gougeon A, Chainy GBN. Morphometric studies of small follicles in
ovaries of women at different ages. J Reprod Fertil 1987;81:433-42.
Martinez Madrid B, Dolmans MM, Van Langendonckt A, Defevre S, Van
Eyck AS, Donnez J. Ficoll density gradient method for recovery of iso-
lated human ovarian primordial follicles. Fertil Steril 2004;82:1648-53.
Cortvrindt RG, Smitz JEJ. Fluorescent probes allow rapid and precise re-
cording of follicle density and staging in human ovarian cortical biopsy
samples. Fertil Steril 2001;75:S88-S93.

Mechakra A, Auberger B, Remeuf F, Lenoir J. Optimisation d’un milieu
de culture pour la production d’enzymes protéolytiques acides pas
Penicillium camemberti. Sci Aliment 1999;19:663-75 (French).
Demirci B, Salle B, Frappart L, Franck M, Guerin JF, Lornage J. Mor-
phologic alterations and DNA fragmentation in oocytes from primordial
and primary follicles after freezing-thawing of ovarian cortex in sheep.
Fertil Steril 2002;77:595-600.

Gook DA, Edgar DH, Stern C. Effect of cooling rate and dehydration reg-
imen on the histological appearance of human ovarian cortex following
cryopreservation in 1,2-propanediol. Hum Reprod 1999;14:2061-8.
Cleary M, Snow M, Paris M, Shaw J, Cox SL, Jenkin G. Cryopreserva-
tion of mouse ovarian tissue following prolonged exposure to an Ische-
mic environment. Cryobiology 2001;42:121-33.

Marsella T, Xella S, Gallinelli A, Tagliasacchi D, Giulini S, Volpe A. In-
creased sucrose concentration enhances cryopreserved human ovarian
tissue morphological features. Fertil Steril 2002;78:S129.

. Crowe JH, Whittam MA, Chapman D, Crowe LM. Interaction of

phospholipid monolayers with carbohydrates. Biochim Biophys Acta
1984;769:151-9.

Crowe LM, Moradian R, Crowe JH, Jackson SA, Womersley C. Effects
of carbohydrates on membrane stability at low water activities. Biochim
Biophys Acta 1984;769:141-50.

. Crowe LM, Womersley C, Crowe JH, Reid D, Appel L, Rudolph AS. Pre-

vention of fusion and leakage in freeze-dried liposomes by carbohy-
drates. Biochim Biophys Acta 1986;861:131-40.

Crowe LM, Reid D, Crowe JH. Is trehalose special for preserving dry
biomaterials? Biophys J 1996;71:2087-93.

Paiva CL, Panek AD. Biotechnological applications of the disaccharide
trehalose. Biotechnol Annu Rev 1996;2:293-314.

Sano F, Asakawa N, Inoue Y, Sakurao M. A dual role for intracellular tre-
halose in the resistance of yeast cells to water. Cryobiology 1999;39:
80-7.

Storey BT, Noiles EE, Thompson KA. Comparison of glycerol, other
polyols, trehalose, and raffinose to provide a defined cryoprotectant me-
dium for mouse sperm cryopreservation. Cryobiology 1998;37:46-58.
Welsh DT, Herbert RA. Osmotically induced intracellular trehalose, but
not glycine betaine accumulation promotes dessication tolerance in
Escherichia coli. FEMS Microbiol Lett 1999;174:57-63.

Neto V, Guérin P, Lornage J, Corrao N, Buff S, Joly T. Follicular
morphology after ovarian cortex cryopreservation in doe (Oryctolagus
cuniculus). Gynecol Obstet Fertil 2005;33:793-8.

Daniel JC, John MF, Richardson P. Return to partial function of rabbit
ovaries after cryopreservation in liquid nitrogen. Theriogenology
1983;19:405-12.

. Candy CJ, Wood MJ, Whittingham DG. Effect of cryoprotectants on the

survival of follicles in frozen mouse ovaries. J Reprod Fertil 1997;110:
11-9.

Rodrigues APR, Amorim CA, Costa SHF, Matos MHT, Santos RR,
Lucci CM, et al. Cryopreservation of caprine ovarian tissue using
DMSO and propandiol. Anim Reprod Sci 2004;84:211-27.

Lucci CM, Kacinskis MA, Lopes LH, Rumpf R, Bao SN. Effect of differ-
ent cryoprotectants on the structural preservation of follicles in frozen zebu
bovine (Bos indicus) ovarian tissue. Theriogenology 2004;61:1101-14.



46. Fabbri R, Venturoli S, D’Errico A, Iannascoli C, Gabusi E, Valeri B, et al. 48. Schubert B, Canis M, Darcha C, Artonne C, Pouly JL, Déchelotte P, et al.

Ovarian tissue banking and fertility preservation in cancer patients: Human ovarian tissue from cortex surrounding benign cycts: a model to
histological and immunohistochemical evaluation. Gynecol Oncol study ovarian tissue cryopreservation. Hum Reprod 2005;20:1786-92.
2003;89:259-66. 49, Petroianu A, de Souza Vasconcellos L, Alberti LR, Fonseca de Castro LP,

47. Hovatta O, Silye R, Krausz T, Abir R, Margara R, Trew G, et al. Cryo- Barbosa Leite JM. Natural pregnancy in rabbits that underwent oopho-
preservation of human ovarian tissue using dimethylsulphoxide and rectomy and orthotopic allogeneic or autologous ovarian transplantation.
propanediol-sucrose as cryoprotectants. Hum Reprod 1996;11:1268-72. Fertil Steril 2002;77:1298-9.

1356 | Neto et al. Cryopreservation of ovarian tissue Vol. 89, Suppl 3, May 2008



	Effects of different freezing parameters on the morphology and viability of preantral follicles after cryopreservation of doe rabbit ovarian tissue
	Materials and Methods
	Collection of Ovaries and Preparation of the Ovarian Tissue
	Evaluation of Cryopreserved Ovarian Tissue
	Histologic protocol and morphologic evaluation
	Follicular viability assay
	Isolation of small follicles
	Viability test using calcein AM and ethidium homodimer I	
	Experiment I: Discrimination Between Freezing Parameters
	Experimental design and statistical analysis
	Cryopreservation process
	Thawing process
	Experiment II: Evaluation of Freezing Protocols
	Statistical Analysis

	Results
	Experiment I: Discrimination Between Freezing Parameters
	Experiment II: Comparison of Cryopreservation Processes

	Discussion
	Acknowledgments
	References


