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Objective: To assess cell death in intratesticular grafts.
Design: Experimental animal study.
Setting: University.
Animal(s): F1-hybrids from SV129 X C57BL.
Intervention(s): Intratesticular tissue transplantation was performed and cell death in the grafts was evaluated at different time points
after transplantation.
Main Outcome Measure(s): Apoptotic cell death in spermatogonia was evaluated by flow cytometry with the use of the annexin V
assay. Immunohistochemistry was used to evaluate graft development and the global occurrence of cell death.
Result(s): The highest level of spermatogonia-specific cell death was found on days 4 and 10, although no statistical difference was
observed compared with control tissue. Statistically significant reductions in tubule integrity were observed 1 day and 2 months after
transplantation. More degenerated tubules were observed in the center of the grafts 1 and 4 days after transplantation, and higher
numbers of apoptotic tubules were found 1 day after transplantation. No difference in overall cell death was observed between
grafts and controls for any time point except for the frozen grafts 1 day after transplantation.
Use your smartphone
Conclusion(s): Spermatogonia-specific apoptosis does not explain the stem cell loss observed
after intratesticular tissue grafting; it probably results from degeneration of tubules in the center
of the graft owing to hypoxia during the first days after transplantation. (Fertil Steril� 2013;99:
1264–72. �2013 by American Society for Reproductive Medicine.)
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ertility-preserving strategies are Brinster et al. in 1994 (1). Alternatively, step toward a human clinical application
F currently being developed for pre-
pubertal boys facing gonadotoxic

treatments. These strategies involve the
cryopreservation of prepubertal testicu-
lar tissue containing spermatogonial
stem cells (SSCs) before therapy, fol-
lowed by autotransplantation when the
patient is cured. Cryopreserved SSCs
can be injected into the testis after enzy-
matic digestion, aswas first described by
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testicular tissue can be transplanted to
the testis, aswasfirst describedbyShino-
hara et al. in 2002 (2). We compared the
efficiency of both techniques in a mouse
model and observed that more donor-
derived spermatogenesis was present af-
ter intratesticular tissue grafting (3). The
capacity of human prepubertal sper-
matogonia to survive and differentiate
in a mouse testis was evaluated as a first
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of autologous intratesticular tissuegraft-
ing. Human spermatogonia were able to
survive in the mouse testis for at least 9
months, and limited differentiation oc-
curred up to the spermatocyte level.
However, in these human intratesticular
xenografts, spermatogonial loss was ob-
served (4). Spermatogonial loss was also
reported in ectopic bovine xenografts.
However, no significant difference was
observed in the number of apoptotic
germ cells per tubule betweenxenografts
and controls 2 months after transplanta-
tion in the bovine (5).

Because of the low amounts of
SSCs in biopsies of young patients, it
is important to reduce cell death after
grafting. Apoptosis and necrosis are
two different forms of cell death. Ne-
crosis results from acute cellular injury,
although apoptosis, or programmed
VOL. 99 NO. 5 / APRIL 2013
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cell death, is tightly regulated and plays a role in development
and tissue homeostasis throughout life (6). Apoptosis is
a process that occurs naturally during spermatogenesis to
achieve a proper ratio of germ cells to Sertoli cells and
thus controlling the sperm output (7). However, apoptosis
can be triggered by cellular stress, which can in turn be in-
duced by several factors including the presence of reactive
oxygen species, detachment from the extracellular matrix,
heat, hypoxia, irradiation, or lack of prosurvival factors
(8). Similarly to intratesticular tissue grafting, embryonic
mesencephalic dopamine neurons have been transplanted
to the striatum to treat Parkinson disease. However, low sur-
vival of the grafted neurons seriously affected the efficacy of
this strategy (9). Although it was thought that cell death in
these grafts was of a necrotic nature, it was found that im-
portant apoptotic cell death occurred within the first 7 days
after transplantation (10).

We hypothesized that the spermatogonial loss observed
after transplantation might be the result of cell death occur-
ring early after transplantation. In contrast to the 2005 study
by Rathi et al., in which apoptosis was evaluated in ectopic
xenografts at 1–2 months after transplantation, we wanted
to evaluate whether there was an increase in cell death in
early time points after allogeneic orthotopic transplantation.
We also evaluated whether freezing of testicular tissue before
transplantation has an impact on the occurrence of apoptosis
after grafting.

The identification of critical time points for spermatogo-
nial stem cell loss during the development of the intratestic-
ular graft could give important insights to improve the
efficacy of this fertility preservation strategy.
MATERIALS AND METHODS
Experimental Animals

Mice were bred in the animal center of the Vrije Universiteit
Brussel according to the following breeding model: male
C57BL inbred (Iffa Credo; Belgium) � female SV129 inbred
GFPþ (gift from Whitehead Institute for Biomedical Research).
In the latter strain, green fluorescent protein (GFP) is under the
control of theb-actinpromotor and is expressed in all cell types.

Male GFPþ F1-hybrids of 5–10 days old were used as do-
nors, whereas male GFP� F1-hybrids from the same breeding
model were used as recipients. Four-week-old recipient mice
were sterilized with a nonlethal intraperitoneal injection of
40 mg/kg of the gonadotoxic chemotherapeuticum busulfan
(ICN Biomedicals). This destroys ongoing spermatogenesis
and thus creates space to insert the testicular graft. Two and
4 weeks after busulfan injection the mice were given a subcu-
taneous injection of 4.26 mg/kg of the GnRH agonist decap-
eptyl (0.1 mg; Ipsen). GnRH agonists are assumed to suppress
the intratesticular testosterone production and have been
shown to improve recolonization efficiency in mice and rats
after SSC transplantation (11). Given these beneficial effects
for SSC transplantation, we also injected the recipient mice
for intratesticular grafting.

All experiments were approved by the Animal Care and
Use Committee of the Vrije Universiteit Brussel (08-395-1;
September 29, 2008) and complied with national regulations.
VOL. 99 NO. 5 / APRIL 2013
Study Design

One testicular tissue fragment (fresh or frozen-thawed) of
1.5–3.0 mm3 from a GFPþ donor (n ¼ 60) was transplanted
to both testes of a GFP� recipient (n ¼ 60). The freezing
and transplantation procedure is described in the
Supplemental Methods (available online at www.fertster.org).
Recipient mice were randomly assigned to different groups
(five mice per group) and were evaluated at different time
points after transplantation: 1, 4, 7, and 10 days and 1 and
2 months. For each animal, one testis was subjected to the
evaluation of spermatogonia-specific apoptosis by flow cy-
tometry (annexin V), and the contralateral testis was used
to study the development of the graft and the global occur-
rence of cell death by immunohistochemistry (GFP and termi-
nal deoxynucleotide transferase–mediated dUTP nick-end
labeling [TUNEL]).

Several control samples were included. Fresh (n ¼ 5) and
frozen (n ¼ 4) prepubertal control testes from 5–10-day-old
GFPþ mice and fresh (n ¼ 3) fertile control testes from
2-month-old GFPþ mice were evaluated by immunohisto-
chemistry. Fresh (n ¼ 3) and frozen (n ¼ 3) prepubertal con-
trol testes and fresh (n ¼ 3) and frozen (n ¼ 3) fertile control
testes were evaluated by flow cytometry.
Flow Cytometry

The testes were first decapsulated, and the testicular tissue
was digested by a two-step enzymatic digestion protocol.
The tissue was incubated in Dulbecco Modified Eagle Medium
(DMEM) containing 1.2 mg/mL collagenase (type IV; Sigma-
Aldrich) and 300 mg deoxyribonuclease (DN 25; Sigma-
Aldrich) at 37�C for 20 minutes. The testicular seminiferous
tubules were then washed twice in ten volumes of DMEM, fol-
lowed by incubation at 37�C for 15 minutes in DMEM con-
taining 1 mmol/L EDTA and 1.7 mg/mL trypsin. Trypsin
activity was stopped by adding 4% fetal bovine serum. The
cell suspension was filtered through a nylon mesh (53 mm
pore size) to remove large clumps of cells. Thefiltrate was cen-
trifugated at 600 g for 5 minutes, after which the supernatant
was carefully removed and the pellet was resuspended in
MACS buffer (phosphate-buffered saline solution [PBS] sup-
plemented with 0.5% bovine serum albumin and 2 mmol/L
EDTA).

The dissociated cells were incubated for 20 minutes at 4�C
with an APC-conjugated rat anti-CD49f monoclonal anti-
body (313615, Biolegend; Imtec Diagnostics) and a biotin-
labeled mouse anti–H-2Kb monoclonal antibody (553568;
BD Pharmingen) at 10 mL per 100 mL cell suspension. CD49f
or a6-integrin is part of the laminin receptor which is ex-
pressed on spermatogonia (12). H-2Kb is part of the murine
major histocompatibility complex class I, which is not ex-
pressed on spermatogonia (13). The combination of these
two markers allows the selection of spermatogonia. After
washing with MACS buffer, H-2Kb–labeled cells were incu-
bated at 4�C with PerCP-Cy5.5-labeled streptavidin (1:250,
551419; BD Pharmingen). Cell death was detected with the
use of the PE-labeled annexin V apoptosis detection kit
(559763; BD Pharmingen). After washing, cells were resus-
pended in 100 mL annexin V buffer and 5 mL annexin V. After
1265
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incubation on ice for 20 minutes, 400 mL annexin V buffer
was added. Testicular cells that were incubated at 47�C for
45 minutes were used as positive control, because it is re-
ported that heat exposure induces apoptosis (14). Data
(200,000 events) were collected on a FACScanto flow cytom-
eter (BD Biosciences) and analyzed with the use of the flow
cytometry analysis software Flowjo (Tree Star).
Immunohistochemistry

After removal of the tunica, the testes were fixed in hydrosafe
fixative (an alcohol-based formol-free fixative, R10 S7-16-
60; Labonord) for R1 hour. After embedding in paraffin,
the testes were cut into consecutive 5-mm serial sections.
The grafts were detected by immunostaining with a mouse
monoclonal antibody against GFP. Immunostaining was per-
formed as previously described (3). Hematoxylin-eosin (HE)
staining was performed in adjacent cross-sections to confirm
results of GFP and evaluate the presence of differentiation. In
testes evaluated 1–10 days after transplantation, structural
integrity of the graft was evaluated by scoring tubules with
well preserved cell adhesion and expression of GFP as intact
tubules. Tubules showing low GFP expression or disrupted in-
tercellular contacts were not considered to be intact. One and
2 months after transplantation, tubules displaying full sper-
matogenesis and well preserved cell-cell contacts were scored
as intact tubules. Tubules containing elongated spermatids
were scored as full spermatogenesis. Tubules with intact in-
tercellular contacts between Sertoli cells and germ cells and
Sertoli cells and the basement membrane were scored as in-
tact tubules. An average of 295� 131 and 268� 121 tubular
cross-sections were analyzed per testis for fresh and frozen-
thawed grafts, respectively.

After localization of the graft in the recipient testis, a dou-
ble immunostaining for GFP and TUNEL was performed to
evaluate the global level of apoptosis in the GFPþ graft (4
depths/graft). After deparaffinization and rehydratation,
slides were washed in PBS and antigen retrieval was per-
formed in citrate buffer (10 mmol/L citric acid, 0.05%
Tween-20, pH 6.0) in a microwave oven at 500 W for 5 min-
utes. Slides were cooled at room temperature for 30 minutes,
washed in PBS, and incubated with 2% normal donkey serum
(JAC-017-000-121; Lucron Bioproducts) for 30 minutes to re-
duce nonspecific antibody binding. Thereafter, slides were in-
cubated overnight in a humidified chamber at 4�C with a goat
polyclonal antibody against GFP (1:200, Ab6658; Abcam).
The next day, slides were washed 3 times in PBS for 5 minutes
and incubated at room temperature with a donkey antigoat
green (Alexa 488)–labeled secondary antibody (1:250; Invi-
trogen) for 1 hour. After 3 wash steps in PBS, slides were in-
cubated with proteinase K (20 mg/mL) for 20 minutes at room
temperature. After two washes in PBS, the positive control
was incubated with DNase I (5–10 U/mL) for 10 minutes
and washed in deionized water, followed by PBS for 5 min-
utes. For the TUNEL reaction, slides were incubated in a hu-
midified chamber at 37�C for 1 hour with a 1:10 dilution
(enzyme solution:label solution) from the in situ cell death de-
tection kit (TMR red, 12 156 792 910; Roche Diagnostics). A
negative control slide was incubated with the label solution
1266
only. Finally, slides were washed 3 times in PBS and mounted
in Slowfade Antifade containing 40,6-diamidino-2-
phenylindole (S36939; Invitrogen). Imaging was performed
with the use of an inverted light and fluorescence microscope
(Olympus IX81). Pictures from the graft were taken at �100
magnification with the use of a digital camera (CC12 Soft Im-
aging System; Olympus). Cell counting was performed with
the use of the image processing program ImageJ (National In-
stitute of Mental Health). The percentages of degenerated tu-
bules (stained totally red) and TUNELþ tubules were
determined, as well as the number of TUNELþ cells per tubule.
An average of 227 � 110 and 216 � 105 tubular cross-
sections were analyzed per testis for fresh and frozen-
thawed grafts, respectively.
Statistics

A repeated-measures analysis of variance (ANOVA) was con-
ducted to simultaneously test the impact of time and the im-
pact of fresh versus frozen status on each outcome of interest.
The Bonferroni post hoc test was used to determine significant
differences among time points.

A one-way ANOVAwas conducted to evaluate the differ-
ences between the different time points of the experimental
groups and the prepubertal and fertile control samples, for
fresh as well as for frozen grafts. Computational procedures
were performed with the use of Excel 2003 (Microsoft) and
SPSS Statistics version 20 (IBM Corp.). The alpha level was
set at 0.05. Data are presented as mean � SD.
RESULTS
Spermatogonia-Specific Apoptosis

Spermatogonia-specific apoptosis was evaluated by flow cy-
tometry, combining different markers: GFP, H-2Kb, CD49f,
and annexin V. Control samples stained for only one marker
were used to determine optimal settings for each marker. A
heat-treated sample served as a positive control for annexin
V staining (Fig. 1A). An initial gate was set on the GFPþ/H-
2Kb� population (germ cells from the donor). GFPþ/H-2Kb�

cells represented an increasing percentage of the total cell
suspension in time, indicating that proliferation and/or dif-
ferentiation occurred (Table 1). The selected cells were then
further analyzed for the markers CD49f and annexin V. In
this way, apoptosis in the spermatogonia could be evaluated.
The percentage of apoptotic spermatogonia was calculated for
each time point (Fig. 1B). Repeated-measures ANOVA showed
no difference in the number of apoptotic spermatogonia be-
tween fresh and frozen conditions. In contrast, a statistically
significant difference was observed in the level of spermato-
gonial apoptosis between the different time points (P< .001).
Thus, higher percentages of apoptotic spermatogonia were
observed 4 days and 10 days after transplantation compared
with 1 and 7 days, after transplantation. None of the early
time points, however, showed statistical difference from the
prepubertal control by one-way ANOVA. No difference was
observed between the late time points (1 and 2 months after
transplantation) and between the late time points and the fer-
tile control samples. Fewer apoptotic spermatogonia were
VOL. 99 NO. 5 / APRIL 2013



FIGURE 1

Evaluation of spermatogonia-specific apoptosis at different time points after transplantation. (A) Apoptosis in spermatogoniawas evaluated by flow
cytometry with the use of different markers. Control samples stained for only onemarker were used to determine optimal settings for each marker.
Dot plots from an intratesticular graft evaluated 2 months after transplantation are shown. Left panel represents samples without the H-2Kb
antibody to determine settings for CD49f and annexin. The untreated control was used to set settings so that no cells were detected in the
CD49fþ and annexinþ area. When CD49f antibody was added, CD49fþ cells were detected as expected. Annexinþ cells were detected in the
Van Saen. Cell death in intratesticular grafts. Fertil Steril 2013.
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FIGURE 1 Continued

control (annexin only), but the percentage increased in apoptosis-induced control, showing that annexin labeling can detect apoptosis. The right
panel represents a sample with H-2Kb antibody to set the settings for H-2Kb compared with the dot plot without H-2Kb. (B) Dot plots from mice
evaluated 1 and 10 days and 2months after transplantation. The numbers of apoptotic spermatogonia are in the upper right corners (red box). The
percentage of apoptotic spermatogonia at different time points after transplantation was calculated by dividing the number of annexinþ

spermatogonia by the total number of spermatogonia (sum of red and black boxes). (C) The percentage of apoptotic spermatogonia at
different time points after transplantation. Different letters represent differences observed by repeated-measures ANOVA. No statistical
differences were found between the different time points and the control samples by one-way ANOVA. PC ¼ prepubertal control; FC ¼ fertile
control; GFP = green fluorescent protein.
Van Saen. Cell death in intratesticular grafts. Fertil Steril 2013.
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observed 1 month after transplantation compared with 4 and
10 days after transplantation. The percentage of apoptotic
spermatogonia observed 2 months after transplantation did
not reach significance compared with the other time points
(Fig. 1C).
Development of the Intratesticular Tissue Graft

The GFPþ intratesticular graft was localized by immunohisto-
chemical staining and the integrity of the tissue evaluated.
One day after transplantation, it was observed that most of
the tubules at the center of the graft showed less GFP expres-
sion compared with the tubules at the edge of the graft
(Fig. 2A). Tubules in the center of the graft showed signs of
degeneration, and cellular contacts were disturbed
(Fig. 2A0). In the center of most of the grafts, remnants of de-
generated tubules, which had totally lost their GFP expres-
sion, were visible 4 days after transplantation (Fig. 2B).
Differentiation up to the level of spermatocytes in some tu-
bules was observed as early as 4 days after transplantation
(Fig. 2B0). By 7 and 10 days after transplantation, sclerosis
was observed in the middle of the graft and tubules started
to increase in size, replacing empty space at the center of
the graft. At these early time points, tubules with clear GFP
expression together with preservation of intercellular contact
were scored as intact (Fig. 2C and D). By 10 days after trans-
plantation, most of the tubules showed differentiation up to
spermatocytes (Fig. 2D0). Full spermatogenesis was already
observed 1 month after transplantation (Fig. 2E0). At the later
time points (1 month and 2 months) tubules with preserved
intercellular contact and full spermatogenesis were scored
TABLE 1

Percentage of GFPD/H-2KbL cells recovered at the different time
points.

Collection time point

GFPD/H-2KbL cells per total
cell population (%)

Fresh Frozen-thawed

1 d 5.0 0.76
4 d 15.4 16.24
7 d 23.7 10.56
10 d 7.7 10.14
1 mo 38.4 46.24
2 mo 36.7 28.74
Note: GFP = green fluorescent protein.

Van Saen. Cell death in intratesticular grafts. Fertil Steril 2013.
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as intact. Repeated-measures ANOVA with intact tubules as
the outcome of interest, showed a statistically significant dif-
ference between fresh and frozen grafts (P¼ .008) as well as
between different time points (P< .001). The percentages of
intact tubules were lower for frozen grafts, especially 1, 4,
and 7 days and 2 months after transplantation. The post
hoc Bonferroni analyses for testing differences between
time points showed that statistically less intact tubules were
observed in the grafts 1 day after transplantation (P< .001).
Likewise, less intact tubules were observed 2 months after
transplantation (P¼ .043; Fig. 2G).
Global Apoptosis in the Intratesticular Tissue
Grafts

Global cell death was determined by double staining for TU-
NEL and GFP (Fig. 3A–3G). At 1 and 4 days after transplanta-
tion, the degenerative tubules in the center of the graft stained
completely positive for TUNEL. The percentage of these de-
generative tubules was determined (Fig. 3H). Repeated-
measures ANOVA showed a significant difference in the
number of degenerated tubules between different time points
(P< .001). Degenerative tubules were observed 1 and 4 days
after transplantation (P¼ .004) and, to a lesser extent, 7
days after transplantation. One day after transplantation,
more degenerated tubules were observed in the frozen grafts
compared with the fresh grafts (P¼ .029).

The percentage of TUNELþ tubules was also determined
(Fig. 3I). Repeated-measures ANOVA showed a significant
difference between fresh and frozen grafts (P¼ .004) and be-
tween the different time points (P< .001). Statistically in-
creased numbers of TUNELþ tubules were observed 1 day
after transplantation compared with the other early time
points (P< .001). One-way ANOVA showed that there was
no difference in TUNELþ tubules between early time points
and prepubertal control samples in the fresh grafts. However,
in the frozen grafts more TUNELþ tubules were present 1 day
after transplantation compared to the frozen prepubertal con-
trols (P< .001; Fig. 3I). At the later time points, more TUNELþ

tubules were present, but there was no difference from the fer-
tile control.

Repeated-measures ANOVA showed no significant dif-
ference in the number of TUNELþ cells per tubule between
fresh and frozen grafts, whereas a statistically significant dif-
ference was found between the different time points (P< .001;
Fig. 3J). However, this difference was situated between the
early and late time points and no difference was observed
VOL. 99 NO. 5 / APRIL 2013



FIGURE 2

Overview of development of the intratesticular graft by GFP staining at (A) 1 day, (B) 4 days, (C) 7 days, (D) 10 days, (E) 1 month, and (F) 2 months
after transplantation. Pictures with 0 show corresponding hematoxylin and eosin staining at higher magnification. Black asterisks indicate
degenerating tubules; white asterisks indicate intact tubules; black triangles show spermatocytes; white triangles show elongated spermatids.
(G) Overview of structural integrity and development of fresh and frozen intratesticular grafts at different time points. Bars represent the
percentage of intact tubules. Lines represent the mean number of evaluated tubules in the graft. The mean number of evaluated tubules
decreases in time, corresponding to the degeneration of the tubules in the center of the graft.
Van Saen. Cell death in intratesticular grafts. Fertil Steril 2013.
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between the different early or late time points. One-way AN-
OVA showed no difference with the control samples.
DISCUSSION
In this study, we wanted to evaluate whether apoptosis could
be the cause of the stem cell loss that is observed in testicular
tissue grafts. However, spermatogonia-specific apoptosis, as
evaluated by flow cytometry, was not the reason for this
cell loss. Although higher perentages of apoptotic spermato-
gonia were observed at 4 days and 10 days after transplanta-
tion, the reason for this is not clear. The first wave of
spermatogenesis is accompanied by an increased level of
apoptosis, mainly in spermatogonia and pachytene spermato-
cytes (15). At 10 days after transplantation, spermatogenesis
had been initiated in most of the tubules. It is thus possible
that the increased level of apoptosis at day 10 represents the
first wave of apoptosis, whereas the increase in apoptosis at
day 4 is due to hypoxic stress. However, this increase in
VOL. 99 NO. 5 / APRIL 2013
apoptosis did not reach statistical difference from the prepu-
bertal control. A large variation in the results was observed at
days 4 and 10. More experiments could possibly reach
statistical difference from the prepubertal control. Freezing
testicular fragments before grafting did not affect
spermatogonia-specific apoptosis.

Next, we evaluated the development of the intratesticular
tissue graft at the different time points by immunostaining for
GFP. A statistically significant reduction in the number of in-
tact tubules was observed 1 day after transplantation. This de-
generation of the tubules in the center of the grafts could be
the result of a deficient blood supply. During the first days af-
ter transplantation, the connection between the grafted tissue
and the circulatory system of the recipient mice needs to be
established to ensure an adequate supply of oxygen and nu-
trients. In ectopic testicular xenografts, it was shown that
this connection is established by a combination of outgrow-
ing small capillaries from the donor tissue and the formation
of larger vessels by the host (16). After ovarian tissue
1269



FIGURE 3

Global cell death evaluated by immunohistochemistry. (A) Double positive control: green fluorescent protein (GFP)þ testis section treated with
DNase I to induce DNA fragmentation. Insert represents negative control: No GFP or terminal deoxynucleotide transferase–mediated dUTP nick-
end labeling (TUNEL) staining could be detected. Double staining for TUNEL and GFP at (B) 1 day, (C) 4 days, (D) 7 days, (E) 10 days, (F) 1
Van Saen. Cell death in intratesticular grafts. Fertil Steril 2013.
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FIGURE 3 Continued

month, and (G) 2 months after transplantation. Scale bars represent 200 mm. The percentage of (H) total degenerated tubules and (I) TUNELþ

tubules and (J) the number of TUNELþ cells per tubule were determined. PC ¼ prepubertal control; FC ¼ fertile control. Different letters
represent differences found by repeated-measures ANOVA. *Difference observed by one-way ANOVA.
Van Saen. Cell death in intratesticular grafts. Fertil Steril 2013.
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xenografting, no signs of neovascularization were observed
during the first 2 days. The start of angiogenesis was only ev-
ident around day 4 after transplantation (17).

The totally degenerated tubules observed in the center of
the graft during the first days after transplantation might
therefore be necrotic tubules due to local hypoxia as a conse-
quence of the lack of an adequate blood supply. The TUNEL
assay detects DNA fragmentation and therefore necrotic as
well as apoptotic cells (18), and hypoxia can induce apoptosis
as well as necrosis (19). The presence of necrotic tubules was
also reported in ovine testis xenografts (20). Full spermato-
genesis was not likely to occur in those tubules containing
damaged Sertoli cells. It may therefore be important to stim-
ulate neoangiogenesis to improve the efficiency of intratestic-
ular tissue grafting. Vascular endothelial growth factor
(VEGF) is an important regulator of angiogenesis during de-
velopment as well as in adulthood (21). However, the number
of blood vessels was not increased in VEGF-treated xeno-
grafts compared with untreated xenografts (22). It was found
that different VEGF isoforms regulate the onset or mainte-
nance of spermatogenesis by regulating SSC homeostasis
(23, 24). The presence of more tubules containing elongated
spermatids in VEGF-treated xenografts was therefore not at-
tributed to the angiogenic properties of VEGF, but could be
the result of an initial increase in spermatogonia. Sphingo-
sine-1-phosphate (S1P) is another modulator of angiogenesis
(25). The local administration of S1P to subcutaneous ovarian
xenografts resulted in reduced necrosis due to the increased
formation of blood vessels (26).

S1P is also known for its antiapoptotic effect, because it
blocks ceramide-promoted cell death (27). S1P could protect
against chemotherapy- and irradiation-induced apoptosis of
oocytes and male germ cells (28, 29) and decreased germ
cell apoptosis in cultured human seminiferous tubules (30).
Therefore, administration of S1P during the initial days
after transplantation could be beneficial for the outcome of
intratesticular tissue grafts for its combined action in
inducing angiogenesis and preventing apoptosis. This
combined benefit could reduce the amount of degenerated
tubules during the first days after transplantation.

This study was performed with the use of fresh as well as
frozen-thawed testicular tissue. In a clinical setting, efficient
cryopreservation protocols maintaining testicular function
will be necessary to store testicular tissue before gonadotoxic
therapy. The uncontrolled slow freezing cryopreservation
protocol used in the present study was previously reported
to preserve the cellular and tubular integrity as well as the
functionality of mouse testis tissue (31). However, recent
studies showed that cryopreservation (using a similar freezing
protocol) could have detrimental effects on graft outcome. In
xenografts from cryopreserved cat testis, germ cells were lost
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from the seminiferous tubules (32). A very low graft survival
was also observed in autologous cryopreserved monkey grafts
(33). In the present study using orthotopic mouse grafts, all
frozen-thawed grafts could be recovered. The percentage of
intact tubules was lower in frozen grafts early after transplan-
tation. A higher number of degenerated and TUNELþ tubules
was observed at the first day after transplantation in the fro-
zen grafts compared to the fresh grafts. However, this differ-
ence disappeared by 4 days after transplantation. Curaba et al.
(34) reported a decrease in tubular cell density in frozen-
thawed (slow-freezing protocol) tissue compared with fresh
control in the first day after thawing. However, the difference
was no longer detected by 3 days after thawing. An increase
in proliferation was observed between days 1 and 3. This
might indicate that there is a recovery period necessary after
thawing in which possible damage to tubule integrity is re-
covered, e.g., by increasing the proliferation of Sertoli cells
and germ cells.

Fewer intact tubules were also observed 2 months after
transplantation. At the moment, it is not clear whether there
is an efficient connection between the grafted tissue and the
epididymis. Although no difference was observed between
the TUNELþ tubules in the graft and the fertile control, inef-
ficient transport of the produced spermatozoa in grafted tu-
bules could result in apoptosis. This might be effected by
Sertoli cells, which maintain testicular homeostasis by regu-
lating germ cell output through the Fas-mediated apoptotic
pathway (35).

Most grafting studies use nude mice as host recipient for
the grafts. However, in the present study F1-hybrids from
crossing C57Bl6 and SV129 (GFPþ) mice were used, following
our previously reported study (3). To mimic the clinical situa-
tion, grafting should be performed to testes exposed to che-
motherapy. Because nude mice are more vulnerable to
chemotherapeutic treatment we opted for the GFP mouse
model. In our previous study, using the same mouse model,
high survival and full spermatogenesis were observed in in-
tratesticular grafts (3). The F1-hybrids are immunocompatible
and therefore immune responses of the host should be mini-
mal. Besides, no sign of immune infiltration was observed
in the grafts.

From this study, we can conclude that spermatogonia-
specific apoptosis does not explain the important SSC loss ob-
served after intratesticular tissue grafting. SSC loss probably
results from degeneration of tubules in the center of the graft
due to hypoxia during the first days after intratesticular graft-
ing. The first 4 days after transplantation seem to be critical
because degeneration of tubules in the center of the graft oc-
curs in this time period. To improve the efficiency of intrates-
ticular grafting, early blood supply to the grafted tissue
should be promoted.
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SUPPLEMENTAL METHODS
Freezing Procedure

Freshly collected testis pieces were washed twice in cryopro-
tectant medium, consisting of Dulbecco Modified Eagle Me-
dium (DMEM), 70 mM sucrose (10274; BDH Laboratory
Supplies), and 1.5 mol/L dimethylsulfoxide (D2650; Sigma).
The pieces were transferred in a cryovial containing 1 mL
cryoprotectant solution and were placed in a propanediol
container (55710-200, Mr. Frosty Freezing Container;
VWR). In this container the temperature is cooled at a rate
of 1�C/min. The container was placed in a �80�C freezer for
R2 hours before the vials were transferred to a liquid nitrogen
container for storage. Immediately before transplantation the
pieces were thawed in a water bath at 37�C, washed twice in
DMEM supplemented with 10% fetal bovine serum to remove
the remaining cryoprotectant, and kept on ice until
transplantation.
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Intratesticular Tissue Grafting

Donormice (n¼ 60) were killed by cervical dislocation and their
testes collected. One testis of a 5–7-day-old donor mouse was
transplanted to one testis of a recipientmice. Recipientmice (n¼
60) were anesthetized with a mixture of Medetor (0.1 mg/mL;
Virbac Animal Health) and ketamine (0.75 mg/mL; Ceva Sant�e
Animale); 75mL/10gof bodyweightof thismixturewas injected
intraperitoneally. During the surgery the mice were placed on
a heating plate at 37�C to avoid cooling. The testes were exteri-
orized through a midabdominal incision. A small incision was
made in the tunica albuginea and the testicular graft (1.5
mm3) insertedunder the tunicaalbuginea.After insertion, the tu-
nica was closed with the use of a nonabsorbable suture (U7003,
Ethicon 10-0; Instruvet). After surgery, mice were placed on
a heating plate at 37�C until waking up. The mice were housed
individually and maintained in a 14-h/10-h light/dark cycle
with free access to sterilized pelleted diet and water.
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