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Objective: To investigate whether solid-surface vitriﬁcation (SSV) is an effective cryopreservation strategy regarding the integrity and function of
prepubertal mouse testicular tissue.
Design: Prospective experimental study.
Setting: Academic research unit.
Animal(s): Mice.
Intervention(s): Testicular tissue from 5- to 10-day-old GFPþ mice was cryopreserved with the use of a conventional uncontrolled slow freezing (USF)
technique and SSV before intratesticular grafting in busulfan-treated GFP mice.
Main Outcome Measure(s): Ultrastructural cryoinjury to spermatogonial stem cells (SSCs) and somatic cells was assessed by electron microscopy.
Tubular structure was evaluated by histology, and graft survival and spermatogenic recovery by immunohistochemistry.
Result(s): The tubular morphology and the proportion of ultrastructural cryodamage were similar between vitriﬁed and slow-frozen testicular
fragments. Allografting of tissue after both USF and SSV resulted in a recovery of spermatogenesis similar to fresh samples.
Conclusion(s): SSV resulted in success rates similar to USF in maintaining testicular cell ultrastructure, tubular morphology, and tissue function. These
data provide further evidence that vitriﬁcation, being an inexpensive and simple technique, can be considered as an alternative for cryopreservation of
prepubertal testicular tissue. (Fertil SterilÒ 2012;97:1152–7. Ó2012 by American Society for Reproductive Medicine.)
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S

permatogonial stem cell (SSC)
depletion is a major side effect
of gonadotoxic treatments (1),
but it can also be induced by genetic
disorders, e.g., Klinefelter syndrome
(2) or Yq deletion (3).
Prepubertal patients cannot beneﬁt
from sperm banking, because their testes lack complete spermatogenesis. To
safeguard their ability to father their
genetically own children, cryopreservation of testicular tissue containing

SSCs followed by transplantation is
a potential fertility preservation strategy (4). Undoubtedly, cryopreservation
of testicular tissue is a challenging task.
To preserve human prepubertal tissue,
the current criterion standard is a controlled slow freezing rate combined
with dimethylsulfoxide (DMSO) as
cryoprotectant (5, 6). This method is
time
inefﬁcient
and
requires
expensive programmable freezers.
Therefore, a simple and inexpensive
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method would be preferable for
laboratories in developing countries or
whenever prepubertal tissue is to be
procured from a diseased child at
a site distant from the banking site.
Recently, we reported uncontrolled
slow freezing (USF) as being such
a method for prepubertal mouse
testicular tissue (7).
Vitriﬁcation may be an alternative
simple but effective method to maintain
the characteristics of prepubertal testicular tissue (8, 9). However, to date, the
potential to reestablish spermatogenesis
after vitriﬁcation has not been
examined in the popular mouse model
system. Therefore, the present study
was designed to determine whether the
simple closed-system vitriﬁcation
method, i.e., solid-surface vitriﬁcation
(SSV), is an effective method for prepubertal mouse testicular tissue conservation of cell and tissue integrity as well
as tissue functionality.
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MATERIALS AND METHODS
Supplemental detailed materials and methods are available
online at www.fertstert.org.

Animals and Procedures for Allografting
The mice used in these experiments were bred in the animal
center of the Vrije Universiteit Brussel. Immature testicular
tissue was obtained from 5- to 10-day-old GFPþ mice. Mouse
testes were decapsulated and cut in half. Single testicular
fragments (3.5 mm3) were cryopreserved before an allogeneic transplantation for 4 months in the testes of busulfantreated (40 mg/kg) GFP acceptor mice as reported previously
(10). Anesthesia was induced by an intraperitoneal injection
of 75 mL/10 g body weight of a mixture of ketamine hydrochloride (0.75 mg/mL; Ceva Sante Animale) and medetomidine hydrochloride (0.1 mg/mL; Pﬁzer Animal Health). The
graft was transplanted in the testis through a ﬁne incision
in the tunica albuginea. Once the graft was completely
inserted, the incision was closed with the use of unabsorbable
suture (Instruvet). All experimental procedures were approved
by the Animal Care and Use Committee (09-395-1; May 12,
2009).

Cryopreservation
For USF, samples were frozen as previously described for immature mouse testicular tissue (7). Brieﬂy, per 1.5 mL cryovial
(MLS) two tissue pieces were equilibrated for 10 minutes at
room temperature in cryomedium consisting of 1.5 mol/L
DMSO (Sigma-Aldrich) and 0.07 mol/L sucrose (VWR) diluted
in Dulbecco Minimal Essential Medium/F12 (DMEM/F12;
Invitrogen). Afterward, the cryovials were placed in an isopropyl alcohol container (Mr. Frosty; VWR) for 24 hours at
80 C and ﬁnally plunged into liquid nitrogen for storage.
The samples were thawed at 37 C in a water bath for 2 minutes, washed twice in DMEM/F12 þ 10% fetal bovine serum
(FBS; Invitrogen) to dilute the cryoprotectants, and kept on
ice until further assessment.
For SSV, 2.1 mol/L DMSO and 2.7 mol/L ethylene glycol
(EG; Sigma-Aldrich) were diluted in DMEM/F12. For
equilibration, testicular tissue pieces were immersed in 50%
cryoprotectants for 10 minutes and in 100% cryoprotectants
for 5 minutes. At the second step, the vitriﬁcation solution
was supplemented with 20% FBS and 0.5 mol/L sucrose.
Subsequently, the tissue pieces were transfered to a ﬂoater
of aluminium foil partially immersed in liquid nitrogen.
Samples were warmed by incubation in a prewarmed solution
(37 C, DMEM/F12 þ 0.5 mol/L sucrose þ 20% FBS) for 2
minutes. Next, samples were washed in DMEM/F12 þ 20%
FBS for 2 minutes at 37 C.

Evaluations
Fresh tissue was used for controlled comparison of tubular
structure and cellular ultrastructure after the cryopreservation
procedures and as a control for spermatogenic progression
after the grafting procedure.
To determine the degree of cryodamage to the testicular cell
ultrastructure, the integrity of the SSCs, myoid cells (MCs),
VOL. 97 NO. 5 / MAY 2012

Sertoli cells (SCs), and Leydig cells (LCs) was evaluated by transmission electron microscopy (TEM) semiquantitatively using
well established parameters for cell injury (11). When no signs
of cryoinjury were visible, cells were evaluated as intact. Cells
were categorized as inﬂuenced when reversible morphologic
alterations, i.e., dilated endoplasmatic reticulum and dense
mitochondria with enlarged cristae, were observed. If lethal
cryoinjury was noticed, characterized by high-amplitude swollen mitochondria containing ﬂocculent densities and distorted
membrane systems, cells were considered to be irreversibly
damaged. Hematoxylin-eosin staining was used to assess
preservation of the tubule structure during cryopreservation
by determining the number of intact tubules with a good
adhesion of the seminiferous epithelial cells to each other and
to the basement membrane in the fresh and cryopreserved
tissue fragments. The differential green ﬂuorescent protein
(GFP) expression between donor and host allowed a speciﬁc
evaluation of the percentage of tubules with complete
spermatogenesis, i.e., tubules containing spermatozoa, in the
fresh and cryopreserved grafts.

Statistics
Data are presented as mean  SD. Statistical analyses were
performed with the SPSS 19.0 program for Windows. Data
for cell integrity preservation, tubular integrity preservation,
and spermatogenic recovery were analyzed by one-way
analysis of variance (with post hoc Bonferroni correction).
Data for graft survival were submitted to a c2 test. A P value
of < .05 was considered to indicate a statistically signiﬁcant
difference.

RESULTS
Preservation of Cellular Integrity
The presence of cryogenic injury was scored in 20 SSCs, MCs,
SCs, and LCs from fresh (n ¼ 5), slow-frozen (n ¼ 5), and
vitriﬁed fragments (n ¼ 5) by TEM. Control tissue displayed
a well ﬁxed ultrastructure with the largest fraction of SSCs
and somatic cells containing intact organelles, well delineated
membranes, electron-dense cytoplasm, and no signs of
vacuolization (Fig. 1A and 1D–1G). No major difference in
percentages of undamaged (intact and inﬂuenced) and damaged testicular cells was observed after USF compared with
fresh control (Fig. 1G). Although SSV preserved the ultrastructure of the evaluated somatic cell types, a signiﬁcant
change in the proportions of undamaged and damaged
SSCs was noticed after SSV compared with the fresh group.
In the undamaged fraction after SSV (76  22%), the majority
of the SSCs was morphologically normal (41%; Fig. 1A and G)
with less inﬂuenced SSCs (35%; Fig. 1B and G). The damaged
proportion was 24  22% of SSCs (Fig. 1C and G). The results
between USF and SSV were similar. In general, the SSC-SC
and SSC-matrix connections remained intact regardless the
freezing method applied.

Preservation of Tubular Integrity
An average of 326  135 fresh, 239  98 slow-frozen, and 310
 148 vitriﬁed tubules were examined per sample (n ¼ 14) by
1153
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FIGURE 1

Transmission electron micrographs of cryopreserved testicular tissue demonstrating (A) intact spermatogonial stem cells (SSCs), (B) reversibly
inﬂuenced SSCs, (C) irreversibly damaged SSCs, and normal (D) myoid cells (MCs), (E) Sertoli cells (SCs), and (F) Leydig cells (LCs). CM ¼ cell
Baert. Easy cryopreservation of testis tissue. Fertil Steril 2012.
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FIGURE 1 Continued
membrane; ER ¼ endoplasmatic reticulum; N ¼ nucleus; NM ¼ nuclear membrane; M ¼ mitochondrion. Arrows indicate cell-cell contacts;
arrowheads indicate mitochondrial ﬂocculent densities. Left and right panels: magniﬁcation 3,700; scale bar ¼ 2 mm. Middle column of
panels: magniﬁcation 12,500; scale bar ¼ 1 mm. (G) Proportions of undamaged (intact and reversibly inﬂuenced) or damaged testicular cells.
No major difference was observed between uncontrolled slow freezing (USF) and solid-surface vitriﬁcation (SSV). Nevertheless, a signiﬁcant
shift was observed in the percentage of undamaged and irreversibly damaged SSCs in the SSV group compared with the fresh group.
*Signiﬁcant difference versus fresh tissue (P<.05).
Baert. Easy cryopreservation of testis tissue. Fertil Steril 2012.

histology to assess the inﬂuence of cryopreservation on tubular integrity (Fig. 2; Table 1). Control samples showed 87  6%
intact tubules. This proportion was signiﬁcantly reduced after
USF and SSV to 77  12% and 75  9%, respectively (P< .05).
Nevertheless, no statistical difference was observed between
the cryopreservation methods.

Graft Survival and Spermatogenic Recovery
At transplantation, the donor testicular tissue was composed
of interstitial tissue and seminiferous cords with SSCs as the
most advanced cell type (Fig. 2). One single piece, either fresh
(n ¼ 14), slow-frozen (n ¼ 14), or vitriﬁed (n ¼ 14), was transplanted to each testis of each acceptor mice (n ¼ 21). Immunohistologic evaluation of spermatogenic recovery is shown
in Figure 2 and Table 1. Two recipients, consequently four
grafts (two vitriﬁed, one fresh, and one slow-frozen), were
lost owing to technical complications before the end of the
experiment. Four months after transplantation, all fresh

grafts (n ¼ 13) could be recovered. Cryopreservation seemed
to decrease graft survival, because 8% (1/14) of slow-frozen
and 25% (3/12) of vitriﬁed grafts did not survive. Nevertheless, neither USF nor SSV had any signiﬁcant effect on graft
survival compared with fresh tissue grafting. In addition,
there was no statistical difference in spermatogenic recovery:
53  26% of assessed tubules in fresh grafts (n ¼ 313  170
per sample) had completed spermatogenesis, whereas 57 
16% from the USF group (n ¼ 213  150 per sample) and
64  14% from the SSV group (n ¼ 157  109 per sample)
showed spermatozoa.

DISCUSSION
We compared SSV, a rather novel cryopreservation method
for testicular tissue, with a conventional USF method. Our results demonstrate that, besides maintaining tissue function,
SSV preserved the cellular and tubular integrity of prepubertal mouse testicular tissue similarly to USF.

FIGURE 2

Left panels: Histologic appearance (hematoxylin-eosin) of freshly ﬁxed prepubertal mouse testicular tissue, tissue cryopreserved with the use of
uncontrolled slow freezing (USF), and tissue cryopreserved with the use of solid-surface vitriﬁcation (SSV). Intact tubules (IT) and damaged
tubules (DT) were observed after cryopreservation. Tissues exhibited similar structure after USF and SSV. Original magniﬁcation 400; scale bar
¼ 50 mm. Middle column of panels: Anti-GFP immunostaining of fresh, slow-frozen, and vitriﬁed tissue 4 months after grafting of GFPþ
testicular tissue inside GFP testis. Right panels: Higher magniﬁcation of a control, a slow-frozen, and a vitriﬁed GFPþ tubule, showing
complete spermatogenesis after grafting. Original magniﬁcation 200; scale bar ¼ 100 mm.
Baert. Easy cryopreservation of testis tissue. Fertil Steril 2012.
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TABLE 1
Tubular integrity, graft survival, and spermatogenic recovery of fresh and cryopreserved prepubertal mouse testicular tissue.
Tubular integrity

Treatment
Fresh
USF
SSV

Graft survival

Samples, n

Evaluated
tubules, n
(per sample)

Intact
tubules,a %

14
14
14

4,567 (326  135)
3,340 (239  98)
4,341 (310  148)

87  6
77  12c
75  9c

Spermatogenic recovery

Grafts, n

Graft
survival,b %

Evaluated
tubules, n
(per sample)

Tubules
containing
spermatozoa,a %

14
14
14

100 (13/13)
92 (12/13)
75 (9/12)

4,075 (313  170)
2,770 (213  150)
1,413 (157  109)

53  26
57  16
64  14

Note: SSV ¼ solid-surface vitriﬁcation; USF ¼ uncontrolled slow freezing.
a
Analysis of variance with post hoc Bonferroni correction.
b 2
c test.
c
P< .05 compared with the corresponding value for the fresh samples.
Baert. Easy cryopreservation of testis tissue. Fertil Steril 2012.

The USF protocol was applied earlier for pure populations
of type A spermatogonia (12) and for prepubertal mouse
testicular tissue (7). Slow freezing takes advantage of the regulatory properties of extracellular ice formation to dehydrate
cells during cooling, thus minimizing the probability of intracellular ice crystal formation and avoiding toxicity to cells by
exposing them to lower concentrations of cryoprotectants
while slowly decreasing the temperatures. It has been demonstrated that DMSO with its low molecular weight and high
tissue penetration excels EG, propanediol, and glycerol in
minimizing cryoinjury to tissue components (7, 13, 14)
while retaining well the capacity to initiate spermatogenesis
(15). Therefore, at present, most studies on cryopreservation
of mammalian testicular tissue are based on slow freezing
with either 0.7 or 1.5 mol/L DMSO. We used the latter
DMSO concentration, because inferior tissue preservation
was reported with 0.7 mol/L DMSO (14, 15). We added
sucrose because that nonpenetrating cryoprotectant has
a positive inﬂuence on preserving cell membrane integrity,
enhancing survival of spermatogonia (12).
There are promising results on prepubertal testicular
tissue vitriﬁcation (9, 10). By vitriﬁcation, ice crystal
formation is bypassed by using higher concentrations of
cryoprotectants and ultrafast cooling rates. Because the
toxicity of high DMSO concentrations is well known, the
testicular tissue was exposed to a mixture of DMSO and
fast-penetrating but less toxic EG before SSV, thus allowing
vitriﬁcation by increasing total cryoprotectant penetration
and minimizing individual cryoprotectant chemical cell
toxicity.
Prepubertal mouse testicular tissue was subjected to light
microscopic evaluations to detect speciﬁc signs of cryoinjury
after both cryopreservation methods. Compared with fresh tissue, USF resulted in slightly more tubules with gaps, caused by
cell shrinking, and a ruptured seminiferous epithelium. Intact
cell-cell and cell-matrix contacts are an important end point
for preserving tubular integrity (6, 13, 14), and it appears
that USF caused some degree of cryoinjury to the tubules.
Further examinations at the ultrastructural level were
performed to conﬁrm these ﬁndings, but no breakage of cell
contacts was observed. This discrepancy may be explained
by the nature of the ﬁxatives applied: glutaraldehyde used
for TEM is more effective than a histologic ﬁxative at
1156

forming molecular crosslinks. Nevertheless, other speciﬁc
signs of cryodamage to cellular components, both reversible
and irreversible, could be observed in a group of slow-frozen
SSCs and somatic cells. Cell injury during slow freezing is
thought to be caused by the mechanical interactions between
cells and the extracellular ice and by the so-called ‘‘solution
effects’’ (16). On the one hand, the ice matrix surrounding
the cells acts as a mechanical constraint and can cause cell
deformation as an increasing proportion of the medium solidiﬁes (17). On the other hand, extensive dehydration during
slow freezing is accompanied by an increase of intracellular
and extracellular solute concentrations (18). Lovelock et al.
(19) attributed the damaging effect to the cell shrinkage as
a response to a highly concentrated extracellular solution
and to the high concentration of electrolytes produced by
freezing that can make cells leaky by denaturation of lipoproteins. In theory, vitriﬁcation completely prevents crystallization and thereby avoids injuries associated with mechanical
disﬁguration and concentration gradients. Surprisingly, SSV
gave results similar to USF. Similar ﬁndings were recently reported by Curaba et al. (9, 10). Using an organotypic culture
system, they showed vitriﬁcation to be as effective as
controlled slow freezing for prepubertal testicular tissue
preservation. The success of vitriﬁcation depends on
a combination of a high cryoprotectant concentration,
a small sample volume, and a high cooling and warming
rate. Incomplete vitriﬁcation may induce the damaging
mechanism associated with fast cooling rates. Because cells
are only partially dehydrated at fast cooling rates, cell injury
is attributed to intracellular ice formation (16) or membrane
rupture due to strong osmotic ﬂuxes (20).
When evaluating freezing protocols for testicular tissue,
it is important to evaluate germ cell differentiation in addition to tissue integrity, because earlier studies have reported
that preservation of SSCs during cryopreservation does not
necessarily imply that SSCs are actually functional (15,
21). Our results show that both vitriﬁed and slow-frozen
grafts were equally able to restore spermatogenesis to fresh
control subjects. The promising results of our transplantation experiments indicate that the structural and ultrastructural cryoinjury due to USF and vitriﬁcation were limited
and did not alter the in vivo developmental potential of
the tissue.
VOL. 97 NO. 5 / MAY 2012
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Both USF and SSV of testicular tissue may have valuable
clinical application, because both are simple and inexpensive
methods that can be easily implemented at tissue procurement sites that have no tissue banking facilities. Vitriﬁcation
needs no speciﬁc equipment, and our slow freezing method
only needs a small, rather inexpensive, mobile80 C freezer.
Therefore, future research should focus on assessing the morphologic and functional survival of human testicular tissue,
preferentially, though difﬁcult to obtain, prepubertal tissue.
Both the vitriﬁcation and the slow freezing methods presented here in a mouse model are promising methods, and
they are simple and inexpensive. Both methods may allow
easy cryopreservation at procurement sites, e.g., a regional
hospital without tissue bank facilities, distant from the preservation site where the tissue can be stored.
Acknowledgments: The authors are grateful to Mrs.
Marleen Berghmans of the Department of Pathology for preparing and analyzing the TEM samples and to Mr. Pierre
Hilven and Mr. Fabian Van Haelst from the Embryology
and Genetics department for their help with data acquisition.
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SUPPLEMENTAL MATERIALS AND METHODS
Experimental Design
GFPþ immature mouse testicular tissue was cryopreserved
with the use of conventional uncontrolled slow freezing or
solid-surface vitriﬁcation before an allogeneic transplantation (for 4 months) in the testes of GFP acceptor mice. Fresh
tissue was used for controlled comparison of tubular structure
and ultrastructural integrity of the spermatogonial stem cells
(SSCs) after the cryopreservation procedures and as a control
for spermatogenic progression after the grafting procedure.
To determine the degree of cryodamage to the cell ultrastructure and the number of intact tubules in the fresh and
cryopreserved tissue, electron microscopy and hematoxylineosin staining were used, respectively. The differential green
ﬂuorescent protein (GFP) expression between donor and
host allowed a speciﬁc evaluation of the number of tubules
with complete spermatogenesis in the fresh and cryopreserved
grafts. All experimental procedures were approved by the
Animal Care and Use Committee at the Vrije Universiteit
Brussel (09-395-1; May 12, 2009) and executed according
to the guidelines of the Belgian Council for Laboratory Animal Science based on the recommendations of the Federation
of European Laboratory Animal Science Association.

Donor Testicular Tissue
Immature testicular tissue was obtained from 5- to 10-dayold male GFPþ mice which were bred in the animal center
of the Vrije Universiteit Brussel. These ﬁrst-generation hybrids were obtained by mating C57BL male mice (Iffa Credo)
and SV129 GFPþ female mice (gift from Whitehead Institute
for Biomedical Research).
In the latter strain, GFP is under control of the b-actin
promoter and is consequently expressed in all cell types. Donor mice were killed by cervical dislocation, and their testes
were collected in Dulbecco Modiﬁed Eagle Medium/F12
(DMEM/F12; Invitrogen). After removing the tunica albuginea, the testes were washed in DMEM/F12 and cut in half,
resulting in pieces each measuring 3.5 mm3. The tissue
pieces were either kept on ice in DMEM/F12 supplemented
with 10% fetal bovine serum (FBS; Invitrogen) for cryopreservation or transplantation or were ﬁxed and used as fresh
control tissue.

Cryopreservation
In this study, two different methods for immature testicular
tissue cryopreservation which do not make use of an expensive biofreezer were compared.
For uncontrolled slow freezing, two tissue pieces were
equilibrated per 1.5 mL cryovial (MLS) in 1.0 mL cryoprotective medium for 10 minutes at room temperature. The cryomedium consisted of 1.5 mol/L DMSO (Sigma-Aldrich) and
0.07 mol/L sucrose (VWR) diluted in DMEM/F12. Afterward,
the cryovials were placed in an isopropyl alcohol container
(Mr Frosty; VWR) and put in a 80 C freezer for 24 hours.
These containers provide an uncontrolled freezing rate of
1 C/min. The cryovials were then plunged into liquid nitrogen for storage. The samples were thawed at 37 C in a water
1157.e1

bath for 2 minutes, washed twice in DMEM/F12 þ 10% FBS to
dilute the cryoprotectant, and kept on ice until further
assessment.
For vitriﬁcation, the testicular fragments were exposed to
an equilibration solution [DMEM/F12 þ 1.1 mol/L DMSO þ
1.3 mol/L ethylene glycol (EG; Sigma-Aldrich)] for 10 min at
room temperature. The tissue pieces were then placed in an
vitriﬁcation solution (DMEM/F12 þ 2.1 mol/L DMSO þ 2.7
mol/L EG þ 20% FBS þ 0.5 mol/L sucrose) for a 5-minute incubation and immediately transfered to a ﬂoater of aluminium foil partially immersed in liquid nitrogen to allow
vitriﬁcation. The ﬁnal step included the transfer of two vitriﬁed samples to each liquid nitrogen–cooled 1.5-mL cryovial
before storage in liquid nitrogen tanks. Samples were warmed
by adding a prewarmed solution (37 C, DMEM/F12 þ 0.5
mol/L sucrose þ 20% FBS) to the cryovials and keeping the
samples at 37 C for 2 minutes. Next, samples were washed
in DMEM/F12 þ 20% FBS for 2 minutes at 37 C and ﬁnally
kept on ice in the same solution until transplantation or
ﬁxation.

Acceptor Mice and Transplantation Procedure
Mature male GFP F1 hybrids from the same breeding model
as the donor mice were used as recipients. About 6–8 weeks
before transplantation, acceptor mice were injected intraperitoneally with busulfan (40 mg/kg; ICN Biomedicals) to eradicate endogenous spermatogenesis. Busulfan is an alkylating
cytostatic drug that destroys SSCs as well as differentiating
spermatogonia by inducing double-strand breaks in the
DNA. Two and four weeks after the busulfan administration,
the acceptor mice were injected subcutaneously with 40 mg/
kg concentrated decapeptyl (0.1 mg; Ipsen). This GnRH analogue suppresses intratesticular testosterone production and
returns the acceptor testes to a prepubertal status. One mouse
was housed per cage in a room with a 14:10-h light-dark
cycle. Food and water were available ad libitum.
Preservation of the tissue function was assessed after intratesticular grafting of single fresh (control) or cryopreserved
testicular tissue pieces, as previously described (11). Anesthesia was induced by an intraperitoneal injection of 75 mL/10 g
bodyweight of a mixture of ketamine hydrochloride (0.75 mg/
mL Ketamine 1000 Ceva; Ceva Sante Animale) and medetomidine hydrochloride (0.1 mg/mL Domitor; Pﬁzer Animal
Health). The graft was transplanted in the testis through
a ﬁne incision in the tunica albuginea. Once the graft was
completely inserted, the incision was closed using unabsorbable suture (Instruvet).

Analysis
Cryopreserved tissue pieces were ﬁxed in Hydrosafe
(Labonord) for histology or in cacodylate (pH 7.4, 0.1 mol/L)
buffered glutaraldehyde (2.5%) for transmission electron
microscopy.
Four months after transplantation, acceptor mice were
killed by cervical dislocation. The green ﬂuorescent grafts
were recovered with the use of ultraviolet light and ﬁxed in
Hydrosafe for immunohistochemistry.
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Histology and Immunohistochemistry
After ﬁxation, fresh control tissue, cryopreserved tissue and
grafts were embedded in parafﬁn and cut into 5-mm-thick
serial sections.
For histology, three sections were cut from each testicular
sample at intervals of 25 mm and stained with hematoxylineosin for evaluations by light microscopy. Preservation of
the tubule structure was assessed by determining the amount
of intact tubules with a good adhesion of the seminiferous epithelial cells to each other and to the basement membrane.
For immunohistochemistry, three sections were cut from
each graft at intervals of 50 mm and stained with an anti-GFP
immunostaining. Cross-sections were deparafﬁnized, rehydrated in successive series of ethanol, and rinsed in
a phosphate-buffered saline solution (PBS). Endogenous peroxidase activity was blocked by incubating the samples for 30
minutes in 0.3% H2O2 at room temperature. After a washing
period in PBS, the sections were covered with 3% normal
goat serum for 30 minutes at room temperature to block unspeciﬁc antibody binding. The monoclonal anti-GFP antibody (diluted to 1:100; Tebu-bio) was added to the samples
and incubated overnight at 4 C. The next day, the slides
were washed three times with PBS, incubated with a horseradish peroxidase–conjugated secondary antimouse antibody for
1 hour at room temperature (Dako) and rinsed three times in
PBS. Diaminobenzidine (Dako) was used as a chromogen to
visualize the immunoreactivity and was added to the samples
for 5 minutes at room temperature. Nuclei were counterstained with hematoxylin. Spermatogenic restoration was
studied by determining the percentage of tubules with complete spermatogenesis in the fresh and cryopreserved grafts.

Transmission Electron Microscopy
After glutaraldehyde ﬁxation at 4 C, small fresh and cryopreserved samples of 1 mm3 were postﬁxed in 1% osmiumtetroxide and in 2% uranyl acetate. The samples were
dehydrated through an ascending series of ethanol, immersed
in propylene oxide for solvent substitution, and embedded in
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Poly/bed 812 Araldite resin (Polysciences). Ultrathin sections
(50–100 nm) were cut with an Ultracut ultramicrotome
(Reichert-Jung), mounted on copper grid, treated with uranyl
acetate and lead citrate, and examined in a Tecnai 10 (Philips).
Digital images were taken using a Megaview G2 CCD camera
(SIS) at magniﬁcations between 3,700 and 12,500. Images
were saved in TIFF format with a resolution of 1,376  1,032
and viewed with the Olympus Soft Imaging Viewer (version
5.1; Olympus Soft Imaging Solutions) software. The ultrastructural integrity of the testicular cells was evaluated
semiquantitatively on 100 cells of each cell type per condition. As deﬁned by Trump et al. (1), subcellular alterations
characteristic of acute lethal cryopreservation injury range
from reversible changes (dilated endoplasmatic reticulum,
dense mitochondria with enlarged cristae) to those that are irreversible (high-amplitude swollen mitochondria containing
ﬂocculent densities, distorted membrane systems). When
there were no signs of cryoinjury, cells were evaluated as
intact. Cells were categorized as reversibly inﬂuenced when
reversible morphologic alterations were observed. If lethal
cryoinjury was noticed, cells were considered to be irreversibly damaged. The proportions of undamaged (intact and
inﬂuenced) testicular cells and damaged testicular cells were
calculated in each sample.

Statistical Analysis
Analyses were performed using the SPSS 17.0 program for
Windows. Data for SSC integrity preservation, tubular
integrity preservation, and spermatogenic recovery are presented as mean  SD and were analyzed by one-way analysis
of variance (with post hoc Bonferroni correction). Data for
graft survival were submitted to a c2 test. P< .05 was considered to indicate a statistically signiﬁcant difference.
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