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Objective: To translate spermatogonial stem cell (SSC) transplantation towards a clinical application.
Design: Mousegreenfluorescentprotein (GFP)-positive testicular cellswere labeledwith 99mtechnetiumandmicrobubbles. These labeledcells
were injected into the rete testis of isolated human testes under ultrasound guidance. Three different conditions were tested: 1) 800 mL of a 20
million cells/mL suspension; 2) 800mLof a 10million cells/mL suspension; and3) 1,400mLof a 10million cells/mL suspension.After injection,
the human cadaver testes were analyzed with the use of single-photon-emission computerized tomography (SPECT) imaging and histology.
Setting: Laboratory research environment.
Patient(s): Cadaver testes, obtained from autopsies at the pathology department.
Intervention(s): Ultrasound-guided injection of mouse GFP-positive testicular cells.
Main Outcome Measure(s): Presence of radioactive-labeled cells in the human cadaver testes and GFP-positive cells in the
seminiferous tubules.
Result(s): In all of the experimental groups, GFP-positive cells were observed in the seminiferous tubules, near and far from the rete
testis, but also in the interstitium. On SPECT, significant difference was seen between the group injected with 800 mL of a 20 million
cells/mL suspension (1,654.6 � 907.6 mm3) and the group injected with 1,400mL of a 10 million cells/mL suspension (3,614.9 �
723.1 mm3). No significant difference was reached in the group injected with 800 mL of a 10 million cells/mL suspension.
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Conclusion(s): Injecting cells in the human cadaver testis is feasible, but further optimization is
required. (Fertil Steril� 2013;100:981–8. �2013 by American Society for Reproductive
Medicine.)
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n Belgium, one out of three men de- tant cause of male infertility. Low-dose Prepubertal boys do not have this op-
I velops cancer before the age of 70
years. Although most cancers occur

in older people, in 2006 0.6% of all can-
cers were diagnosed in children (1).
Luckily, their prognosis has improved
substantially over the past years. In the
period 1999–2006, an 81.4% survival
was seen in an all-site study for children
and adolescent cancers in the USA (2).

However, due to chemo- or radio-
therapy, spermatogonial stem cells
(SSCs) can be lost. This loss is an impor-
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chemotherapy can deplete the prog-
enitor-type Apale spermatogonia and
the differentiating B spermatogonia,
leading to temporary oligozoospermia
or azoospermia. When the testis is
severely damaged, the SSCs go into
apoptosis and/or the Sertoli cells are
unable to support the SSCs, eventually
leading to a depletion of the SSC pool
causing permanent infertility (3).

In case of adult men, a semen sam-
ple can be stored to prevent infertility.
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tion, because spermatogenesis has not
started yet. During the past 20 years,
research has been done tofind a suitable
strategy to overcome this problem. One
of those techniques is SSC transplanta-
tion (SSCT), a technique introduced by
Brinster et al. (4). Efficacy of the SSCT
technique has been demonstrated by
our group (5) and by Kubota et al. (6).
Although the homing efficiency of
SSCs after SSCT is only 12% (7),
recently it has been shown that even af-
ter long-term cryopreservation of SSCs,
these cells are capable to regenerate
complete spermatogenesis and produce
fertile offspring after transplantation
(8). The safety of SSCT has also been
investigated, and it has been proved
that after SSCT, offspring did not show
morphologic differences nor major
alterations on (epi)genetic level (8–11).
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ORIGINAL ARTICLE: ANDROLOGY
Xenogeneic transplantations have also been studied. In-
jection of rat testicular cells in immunodeficient mice has
led to rat spermatogenesis in nearly all recipient testes (12).
In that study, normal rat spermatozoa were also found in
the epididymis (12). In more distant species, such as rabbit
and dog, both fresh and cryopreserved testicular cells were
able to survive and proliferate in busulfan-treated Swiss
nude mice but failed to differentiate (13). Xenotransplanta-
tion of germ cells from porcine, equine, or bovine testis cells
were able to colonize recipient mouse testes. Although the
porcine testis cells survived even for a year, none of the
germ cells differentiated in the immunodeficient recipient
(14). Nagano et al. (15) have studied xenotransplantation of
testicular cells from baboons, who are closely related to hu-
mans. Baboon germ cells are able to colonize the recipient
mouse tubules for at least 6 months after transplantation.
However, differentiation did not occur (15). This same group
has also transplanted human cells into mouse testes and
have seen proliferation of the human cells during the first
month after transplantation. Six months after transplanta-
tion, human cells were still present but no differentiation
was seen (16).

As in the mouse model, rat testes could be efficiently in-
jected via the efferent duct (17). However, this technique is not
feasible in animals with larger testes, such as cows and mon-
keys (18). Schlatt et al. have tried to microinject cells into the
efferent ducts and seminiferous tubules of isolated bull and
monkey testes with a glass needle (30–40 mm luminal diam-
eter). Intratubular injections were more difficult to perform
owing to the large volume-to-surface ratio, the more resistant
lamina propria, and the more convoluted seminiferous tu-
bules. Efferent duct injections were also difficult, owing to
surgical preparation, burdensome localization, and cannula-
tion of the efferent ducts (18). Rete testis injections proved
to be the most promising injection site, because the rete testis
can be localized by ultrasonography thus avoids open sur-
gery. Studies in other large animals, such as pigs (19) and
goats (20), have also demonstrated the usefulness of an
ultrasound-guided injection. Recently, autologous and allo-
geneic transplantations in rhesus macaques were performed
successfully (21). Donor cells were injected via ultrasound
guidance under constant pressure and chased with saline.
Although in 60% of prepubertal recipients who underwent
an autologous transplantation donor sperm was found in
the ejaculate after maturity, fertilization studies were not
possible owing to low efficiency of marking SSCs. However,
fertilization studies performed after allogeneic transplanta-
tions in adult recipients resulted in fertilized oocytes after
intracytoplasmic sperm injection, showing the functionality
of the sperm.

The first attempt to inject cells in human testes was made
in 1999 (18). The full length of the rete testis could be filled
with the use of an ultrasound-guided injection, although the
extent of tubular infusion was variable. Unfortunately, the
concentration of cells in the injected suspension was not
mentioned. In a subsequent study, single injections were
compared with multiple infusions in the rete testis of isolated
human testes with the use of trypan blue dye. The infused
testes were examined both macro- and microscopically,
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and they showed that 55% of the testes could be filled
(22). However, it was not clear whether the dye was injected
in the seminiferous tubules or in the interstitium. Recently,
our research group has shown that a single ultrasound-
guided infusion of 800 mL in the rete testis may be a prom-
ising method to transplant human SSCs in a clinical setting
(23), because ink particles were observed in the lumen of the
rete testis and in tubules both close and distant from the rete
testis. However, in that study only a mixture of Chinese ink,
microbubbles, and computerized tomography (CT) contrast
was injected, which may not mimic the clinical situation
of cells being injected. Because in these earlier studies the
human testes were either infused with an unknown concen-
tration of injected cells or only with dye, the aim of the pre-
sent study was to define the parameters needed for a good
infusion of isolated human cadaver testes with a cell
suspension.

MATERIALS AND METHODS
Supplemental Materials and Methods is available online at
www.fertstert.org.
Tissue Source

The cadaver testes (n ¼ 18) used in these experiments were
obtained from autopsied bodies at the Department of Pathol-
ogy of UZ Brussel. The cadaver testes were kept in physiologic
solution and refrigerated until use. The time elapsed between
cardiac arrest and time of infusion, also known as the
ischemia time, was on average 27 � 13 hours (Table 1).

Approval for this study was given by the Ethical Commit-
tee of UZ Brussel (approval no. 2011-278) and the Animal
Care and Use Committee of the Vrije Universiteit Brussel
(approval no. 2012-216-4).
Injection of Cells in Human Testis

Donor cells were obtained from mice bred in the animal
centre of the Vrije Universiteit Brussel. In this study, adult
male GFPþ F1 hybrids were used (n ¼ 10). After decapsula-
tion, the testes were enzymatically digested to a cell suspen-
sion according to the previously described method (5)
(Supplemental Materials and Methods). The obtained cell
suspension was then labeled with 99mtechnetium–hexame-
thylpropylene amine oxime (99mTc-HMPAO; Ceretec N159;
GE Healthcare) to visualize the cells via single-photon-
emission computerized tomography (SPECT) imaging.
Microbubbles (Optison; Mallinckrodt Medical) were added
in a 1:1 ratio to visualize the cells during ultrasonography.
Cell viability and cell clumping were tested in a pilot exper-
iment. Cell viability was measured twice by adding trypan
blue dye to the radioactive cell suspension. A viability of
98.5 � 0.7% was obtained. Large cell clumps were not
observed.

In a first set of experiments, cadaver testes were injected
with a 23-G needle via the rete testis under ultrasound guid-
ance with 800 mL of 99mTc-labeled GFPþ testicular cells (20
million cells/mL). This concentration was chosen as initial
concentration because of its proven efficacy in mouse studies
VOL. 100 NO. 4 / OCTOBER 2013
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TABLE 1

Overview human donor information and SPECT imaging data.

Infusion method Experiment Age (y) Chemotherapy
Total ischemia

time (h) Spermatogenesis
Volume

filled (mm3)
Expansion
coefficient

800 mL 20 million cells/mL 1 46 no 38 yes 955 1.2
2 786 1.0
3 77 no 18 no, sclerotic 1,721 2.2
4 3,321 4.2
5 49 no 31 yes 1,775 2.2
6 1,370 1.7

Mean 29 1,654.6a 2.1
SD 10 907.6 1.1

800 mL 10 million cells/mL 7 67 no 32 yes 5,932 7.4
8 124 0.4
9 86 no 13 no, sclerotic 937 1.2
10 2,991 3.7
11 85 no 23 no 1,383 1.7
12 2,628 3.3

Mean 23 2,774.1 3.5
SD 10 1,959.2 2.5

1,400 mL 10 million cells/mL 13 24 no 55 yes 4,013 2.9
14 2,826 2.0
15 50 no 18 yes 3,627 2.6
16 4,267 3.1
17 71 unknown 17 no, sclerotic 2,651 1.9
18 4,306 3.1

Mean 30 3,614.9a 2.6
SD 22 723.1 0.5

Note: Total ischemia time is the time elapsed between cardiac death and the infusion experiment.
a P ¼ .01 (Mann-Whitney U test).

Faes. Testicular cell transplantation. Fertil Steril 2013.
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(24, 25). The syringe was placed at a height of 75 cm to give a
constant pressure (Fig. 1) (22).

Because this initial set of experiments showed a rather low
filling of the tubules, the concentration of the injected cell sus-
pension was decreased to 10 million cells/mL in the next set.
FIGURE 1

Experimental set-up. (A) Global view for the ultrasound-guided injection. (B
the human cadaver testis, with the needle injection site at the upper pole
Faes. Testicular cell transplantation. Fertil Steril 2013.
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Indeed, too high a concentrationmight block the seminiferous
tubules near the infusion site and thus flow tomore distant tu-
bulesmight be hampered. Finally, to further increase thefilling
of the injected testes, we determined the effect of a larger injec-
tion volume: 1,400 mL of a 10million cells/mL cell suspension.
) Close-up of the height at which the water level is set. (C) Close-up of
of the testis.
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Analysis

Immediately after infusion, the testes were scanned by SPECT
imaging to verify the presence of the radioactive cell suspen-
sion inside the isolated human testis. The images were recon-
structed with the use of Skyscan's volumetric reconstruction
software and processed by Amide: A Medical Image Data
Examiner software (http://amide.sourceforge.net). A three-
dimensional isocontour region of interest was drawn over
the radioactive spot, based on the SPECT images. A threshold
of 100 counts was chosen to delineate the radioactive-labeled
cells and calculate their size. The expansion coefficient was
calculated by dividing this size (mm3) by the injected volume
(800 mL or 1,400 mL). Therefore, the expansion coefficient
indicated the surface taken by a certain volume of the radio-
active cell suspension in the human testis.

After SPECT imaging, the testes were divided in 4–5-mm-
thick slices, fixed in 4% formaldehyde, embedded in paraffin,
and cut in 5-mm-thick sections. Per testis slice, three sections
with intervals of 100 mm were evaluated by GFP immuno-
staining (Supplemental Materials and Methods). The percent-
age of seminiferous tubules containing GFP-positive cells was
calculated by dividing the number of seminiferous tubules
containing GFP-positive cells by the total number of evalu-
ated seminiferous tubules. The percentage of positivity in
the interstitium was calculated by dividing the number of
slides with GFP-positive cells in the interstitium by the total
number of evaluated slides.
Statistics

Data are expressed as mean � SD. Volumes and expansion
coefficients calculated with the use of SPECT imaging, per-
centages of GFP-positive tubules, and percentages of slides
with interstitial tissue containing GFP-positive cells were
analyzed by theMann-WhitneyU test. Statistical significance
was set at P< .05.
RESULTS
Infusion of Human Cadaver Testes with a
Testicular Cell Suspension

In a first set of experiments, the feasibility of the method used
for injecting a liquid mixture, as described before (18, 20, 22,
23), was tested for injecting cell suspensions. In these
experiments, 800 mL of a radioactive cell suspension with a
concentration of 20 million cells/mL was injected under
gravity in the rete testis of six human cadaver testes.
Microbubbles enabled the visualization of the cell
suspension on ultrasound during infusion via the rete testis
(Figs. 2A and B).

SPECT analysis showed that a small volume of the testes
was filled with the radioactive cell suspension (Fig. 2C). This
observation was confirmed by the calculated radioactive
labeled cells (1,654.6 � 907.6 mm3) and by the rather low
expansion coefficient (2.1 � 1.1; Table 1).

For the histologic evaluation, an average of 29 � 9 sec-
tions were evaluated per infused testis. All evaluated testes,
apart from one (experiment 2), contained GFP-positive cells
in the seminiferous tubules. More specifically, 21.4 � 10.1%
984
of the examined tubules contained positive cells. In all testes,
leakage to the interstitium was detected (on average in 28.6�
22.2% of the evaluated slides; Fig. 3).
Optimizing Testicular Cell Suspension Infusion

In the next series of experiments we aimed to increase the
filled volume in the testis.

In this second set of six experiments, one (experiment 8)
failed because the needle was not well attached and most of
the liquid floated out of the testis. Therefore, that experiment
was excluded from analysis. For the successfully injected
testes, SPECT imaging (Fig. 2D) showed that neither the
expansion coefficient (3.5 � 2.5) nor the radioactive-labeled
cells (2,774.1 � 1,959.2 mm3) in the testis were increased
compared with the initial condition (Table 1).

In this set of experiments, per testis, 22� 2 histologic sec-
tions were evaluated for immunostaining. GFP-positive cells
were detected by immunohistochemistry in 21.6 � 4.6% of
the evaluated tubules. A positive interstitium was detected
in 17.3 � 14.6% of the evaluated slides (Fig. 3). These results
were similar to the initial condition.

In a third series, we increased the injection volume from
800 mL to 1,400 mL while keeping the concentration of 10
million cells per mL (Fig. 2E). Compared with the initial con-
dition, the average filled volume (3,614.9 � 723.1 mm3) had
increased by a factor of 1.68, showing significant difference
(P¼ .01). The average filled volume and expansion number
were similar to those of the second set of experiments
(Table 1). Histologic evaluations were performed on 30 �
3 sections per testis and GFP-positive cells were detected
in 24.4 � 13.1% of evaluated tubules. In 33.2 � 35.7% of
the evaluated slides, positive cells were seen in the intersti-
tium (Fig. 3). Percentages of GFP-positive cells seen in the
seminiferous tubules were similar to the initial and second
conditions. The presence of GFP-positive cells in the inter-
stitium was not different from the other two conditions
tested.
Overall Scope of GFP Positivity in the Seminiferous
Tubules

To evaluate how far the GFP-positive cells spread into the
seminiferous tubules of the isolated cadaver testis, the scope
of positive slides was calculated for each experiment by sub-
tracting the depth of the positive slide at the deepest level
from the depth of the slide at the lowest level. Because of in-
terpatient difference in testis size, the obtained value was
divided by the total testis size, resulting in a percentage pos-
itivity throughout the testis (Supplemental Fig. 1, available
online at www.fertstert.org).

In the first experimental group (800 mL of 20million cells/
mL) the scope of GFP positivity in the seminiferous tubules
was 28.41 � 33.17% of the testis. In the second (800 mL pf
10 million cells/mL) and third (1400 mL pf 10 million cells/
mL) experimental groups the GFP positivity in the seminifer-
ous tubules reached 39.59 � 22.94% and 15.32 � 17.68% of
the testis, respectively. No significant difference was reached
between the different experimental groups.
VOL. 100 NO. 4 / OCTOBER 2013
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FIGURE 2

Ultrasound images. (A) Before injection, visualization of the rete testis (arrow). (B) After injection, a flow of microbubbles is seen in the testis. Single-
photon-emission computerized tomography images (all scaled to themaximum) of the three different conditions: (C) injecting 800 mL of a 20million
cells/mL cell suspension; (D) injecting 800 mL of a 10 million cells/mL cell suspension; and (E) injecting 1,400 mL of a 10 million cells/mL cell
suspension.
Faes. Testicular cell transplantation. Fertil Steril 2013.
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Age Differences

In earlier articles (18, 23), itwas seen that it is easier to inject into
regressed, immature, or older testes. Because intraexperimental
differences could have occurred owing to difference in donor
age, and no statistical difference could be found on histologic
data among the three experimental groups, the young (n ¼ 8)
and old testes (n ¼ 9) were grouped together (Fig. 3H). Cutoff
age was set at 65 years. In the old testes, 26.8 � 9.0% of the
evaluated seminiferous tubules were filled with GFP-positive
cells and showed statistical difference (P¼ .008) from the per-
centage of GFP-positive cells in the seminiferous tubules in
young testes (15.9 � 5.3%). Statistical significance was not
reached for leakage to the interstitium between the young
(14.6 � 16.8%) and old (40.8 � 27.3%) testes, although old
testes tend to leak more easily than young ones.

SPECT data were also regrouped according to age.
Average volumes were calculated for both young (2,452.3 �
1,408.9 mm3) and old testes (2,874.3 � 1,542.4 mm3), but
no significant difference was reached. Expansion coefficients
were similar for both groups: 2.1 � 0.8 and 3.2 � 1.9 for
young and old testes respectively.
DISCUSSION
In mice, three effective transplantation methods have been
established: microinjection in the seminiferous tubules, in
the rete testis, or in the efferent duct (24). The success of
SSCT has been proven in mice by the production of progeny
VOL. 100 NO. 4 / OCTOBER 2013
(8, 26). In larger testes the microinjection into the
seminiferous tubules as well as into the efferent ducts was
unfeasible, because the lamina propria is very resistant and
the seminiferous tubules are more coiled (18). The study by
Schlatt et al. showed that it was possible to inject 2–5 mL of
a dead cell suspension via the rete testis under ultrasound
guidance. However, only a few seminiferous tubules near
the rete testis could be filled (18). Labeled injected cells were
seen also in the interstitium of the human testes, meaning
that a rupture had occurred owing to too high a pressure.
Brook et al. confirmed the possibility of the ultrasound-
guided rete testis injection but in this study histologic proof
was not included (22). Previous work showed that injecting
800 mL of a liquid into human cadaver testes was an efficient
method to infuse seminiferous tubules close to and distant
from the rete testis (23). However, no cells were injected in
that study, and therefore additional experiments had to be
performed.

To our knowledge, the present study is thefirst to optimize
the conditions for injecting cells into (isolated) human testes
using immunohistochemistry to prove the presence of donor
cells in the seminiferous tubules. All injectionswere performed
under water gravity and took 1–2 minutes. An initial concen-
tration of 20 million cells/mL was chosen based on the suc-
cessful results obtained in mouse transplantations (24, 25).
At this moment, it is not clear whether this concentration
would be sufficient to colonize the seminiferous tubules and
induce spermatogenesis in humans. Culturing the infused
985



FIGURE 3

Overview of histologic analysis. Green fluorescent protein (GFP)-positive cells (A) in the rete testis, in seminiferous tubules (B) near the rete testis and
(C) far from the rete testis, and (D) in the interstitium. (E) Positive control: GFP-positive mouse testis tissue. (F) Negative control: GFP-negativemouse
testis tissue. (G) Histologic results: percentage of positive cells within the seminiferous tubules and interstitium per experimental condition.
Statistical significance was not achieved. (H) Histologic results per age group. Statistical significance was reached between the young (n ¼ 8)
and old (n ¼ 9) testes for seminiferous tubules (*P¼.008 by Mann-Whitney U test) filled. No statistical difference was reached for the leakage
to the interstitium.
Faes. Testicular cell transplantation. Fertil Steril 2013.

ORIGINAL ARTICLE: ANDROLOGY
testis in organ tissue cultures might answer this question. In
mice, it has been shown that culturing the testis tissue can
support the complete spermatogenesis without the presence
of an in vivo circulatory system (27). In the present study,
we injected mouse testicular cells, which would probably not
differentiate in human tissue. Therefore, when using this
culture system in the evaluation of spermatogenic recovery,
human SSCs should be transplanted.

Based on SPECT imaging, statistical difference was
reached between the start condition (800 mL of a 20 million
cells/mL cell suspension) and the best condition (1,400 mL
of 10 million cells/mL). Within the experimental groups, the
filled volumes differed substantially. This intragroup variance
could be due to the difference in age of the human donors.

A limitation of this study is that SPECT imaging was per-
formed immediately after injection. It is possible that the cells
would have diffused further in the testis during a waiting time
and reached a larger surface in the human testis.

Histologic analysis did not reveal statistical difference
among the different experimental groups. Therefore, the
986
data of the three experimental groups were grouped and re-
distributed according to age. The highest percentage of posi-
tive cells within the seminiferous tubules was obtained in the
oldest donors. This result confirms the findings of Ning et al.
(23). Testes that underwent radio- or chemotherapy do not
have the same consistency as normal testes, because differen-
tiated germ cells are not present (28). Therefore, they would
have a consistency similar to aged testes. In future studies it
would be better to use only the aged testes to obtain more
representative and less variable results.

However it still needs to be investigated when SSCT
would best be performed in a clinical setting: before puberty,
during puberty, or at adult age. Transplantation with prepu-
bertal rats resulted in a higher colonization efficiency
compared with adult rats (29), but reproductive efficiency
was not assessed. A recent study in rhesus monkeys has
shown the development of preimplantation embryos after
transplantation in adult testes (21). Although sperm was ob-
tained after autologous transplantation in prepubertal rhesus
monkeys, fertilization studies could not be performed.
VOL. 100 NO. 4 / OCTOBER 2013
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Therefore, further investigation regarding the functionality of
sperm after transplantation at different ages still needs to be
investigated.

Besides the presence of GFP-positive cells in the seminif-
erous tubules, GFP-positive cells were seen also in the inter-
stitium. This indicates that the hydrostatic pressure was too
high, causing a rupture inside the testis. By decreasing the
height of the water gravity, the pressure may be decreased,
leading to a better filling of the seminiferous tubules. Another
possibility is to use a lower and constant pressure, e.g.,
applying micropumps that are used to administer pain medi-
cation or insulin. By reducing the pressure, it might be
possible to inject higher concentrations than the ones used
in this study. In that way, the chances of colonization could
be increased as well. Hermann et al. (21) have reported inject-
ing an average of 88 � 106 cells per adult rhesus testis and
45.8 � 106 cells per young testis under ultrasound guidance
without gravity.

Cell leakage could have occurred during the fixation pro-
cess immediately after infusion. Because no histologic differ-
ence was seen between the initial group and the two other
groups, we suggest fixating the testes as a whole to prevent
cells from leaking out. This may also reduce leakage to the
interstitium.

Although in our preliminary study no big cell clumps
were observed after radioactive labeling, no visual check
was performed after mixing the cells with the microbubbles.
Therefore, it might be that clumps might have been present.
In future experiments, the addition of DNase to the injected
cell suspension might improve filling efficiency (21).

In the present study, isolated human testes were used.
This implies that the intratesticular pressure was not present,
and therefore different results may be obtained in a clinical
application. It could be that a slower release or lower pressure
is needed to not cause a rupture. Other factors also have to be
taken into account. In rats, postmortem investigation has
shown that within 48 hours after death, the testicular volume
decreased 10% compared with the control testes and the
diameter of the seminiferous tubules started to diminish
(30). In normal adult men, the testicular volume is �18 mL
(31). Using cadaveric tissue might imply that because of the
decrease in testicular volume, fewer cells can be injected dur-
ing infusion.When the diameter of the seminiferous tubules is
too small and cells are injected with too high a pressure, they
might disrupt more easily. Because it is not feasible to use live
human testes, infusion studies could be done on chimpanzees
or bonobos to better understand the effect in vivo. Schlatt
et al. have been able to successfully infuse one cynomolgus
monkey with a cell suspension (18); however, more and larger
studies need to be performed. Performing the infusion on live
testes, the blood vessels would also have to be monitored to
avoid bleeding during insertion of the needle. Regular ultra-
sound can not show any blood flow. Color Doppler ultrasound
is able to measure the blood flow and blood pressure by
bouncing high-frequency sound waves off circulating red
blood cells (32).

Owing to the long total ischemia time, the testicular struc-
ture might not be the same as testes that have been removed
from a living body. Unfortunately, fresh material is scarce, so
VOL. 100 NO. 4 / OCTOBER 2013
it should be strived to keep the total ischemia time as short as
possible.

In conclusion, we can state that it is possible to inject cells
into the human cadaver testis. Infusing SSCs by ultrasound
would avoid open surgery, it would not be invasive for the pa-
tient, and quick recovery should be possible (18). Based on
SPECT data, injecting 1,400 mL of a 10 million cells/mL sus-
pension gives the highest radioactive-labeled cells. Because
cells were also found in the interstitium, further optimization
is required to increase the efficiency of the infusion method.
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SUPPLEMENTAL MATERIALS AND METHODS
Digestion

Donor testes were obtained from mice bred in the Animal
Center of the Vrije Universiteit Brussel according to the
following breeding model: male C57BL inbred (Iffracredo,
Brussels, Belgium) � female Sv129 inbred GFPþ (gift from
Whithead Institute for Biomedical Research, Cambridge, Mas-
sachusetts). In the latter strain, GFP is controlled by the
b-actin promoter and is expressed in all cell types. In this
study, adult male GFPþ F1 hybrids were used (n ¼ 10).

The mice were killed by cervical neck dislocation. After
disinfection with Hibitane (P685040; SSL Healthcare), the
testes were removed via an incision in the abdominal cavity.
Next, the testes were decapsulated and digested via a two-
step digestion protocol. First, the tissue was incubated in
Dulbecco modified Eagle medium (DMEM)/F12 (31330-095;
Invitrogen) containing 1 mg/mL collagenase IV (C5138;
Sigma-Aldrich) and 30 mg/mL deoxyribonuclease (DN25;
Sigma) for 20 minutes in a 37�C water bath, followed by
two washing steps in 10 mL DMEM at 600g for 5 minutes.
Then, the cell pellet was incubated for 10 minutes at 37�C
in DMEM containing 0.025% trypsin (T4665; Sigma) and 1
mmol/L ethyleendiaminetetracetic acid (E6511; Sigma). To
stop the trypsin activity, 4% fetal calf serum (FCS; 10500–
056; Invitrogen) was added to the trypsin solution. The cell
suspension was filtered through a cell strainer with 40-mm
nylon mesh pores (352340; BD Biosciences) and centrifuged
for 5 minutes at 600g. The cell suspension was diluted in
DMEM to obtain a final concentration of 10 or 20 million
cells/mL.

Labeling of Testicular Cells. After the digestion, the cell sus-
pension was labelled with 99mtechnetium–hexamethylpropy-
lene amine oxime (99mTc-HMPAO) to visualize the cells via
single-photon-emission computerized tomography (SPECT)
imaging. This radioisotope is a gamma emitter with a half-
life of 6.02 hours. The labeling was executed according to
the supplier's protocol (GE Healthcare). Briefly, in a first
step the 99mTc was added to the HMPAO powder to obtain
a start activity of 30 mCi. The 99mTc-HMPAO complex was
stable for 30 minutes after composition. The cell suspension
was centrifuged (5 minutes, 438g, room temperature), 1 mL
of the radioactive complex was added, and this mixture
was incubated for 15 minutes at room temperature. After in-
cubation, the cell suspension was centrifuged (5 minutes,
438g, room temperature). Next, the cell pellet was washed
with phosphate-buffered saline solution (PBS) and the radio-
activity measured. First, the tube was measured for its radio-
activity, and then the supernate was removed and the cell
pellet measured again to know how much radioactivity
was bound to the cells (Supplemental Table 1). The calculated
percentage indicates the proportion of radioactivity bound to
the cells.

Ultrasound-Guided Injection. The radioactive-labeled cell
pellet was resuspended in PBS. Microbubbles, perfluoro-
propane-filled albumin microspheres, were added to visualize
the injection with the use of ultrasound (1:1 ratio). The milky
suspension of microbubbles colored the cell suspension white.
VOL. 100 NO. 4 / OCTOBER 2013
Ultrasonography was performed with the use of a
15–7 MHz linear transducer attached to an iE33 scanner
(Philips Medical Systems). The rete testis could be localized
by ultrasound scanning owing to its hyperdensity (1). By
inserting the 23-G needle close to the upper pole of the
testis, the needle could be guided into the rete testis while
continuously monitoring the needle movement ultrasono-
graphically. When the needle was in the correct position,
the transfusion was started under gravity by positioning
the syringe, filled with water, 75 cm above the testis
(Fig. 1). The cell suspension was added to the tubing that
was connected to the syringe. Between the cell suspension
and the water, an air gap was left. The infusion was stopped
as soon as the air gap reached the needle. The transfusion
took �1–2 minutes.

SPECT and CT Acquisition. SPECT images were acquired by
pinhole SPECT straight after the injection. This pinhole SPECT
used a dual-head g-camera (Ecam-180; Siemens Medical
Solutions), mounted with two multipinhole collimators (three
1.5-mm pinholes in each collimator, 200-mm focal length,
80-mm radius of rotation). Images were acquired over 360�

in 64 projections of 10 seconds into 128 � 128 matrices,
resulting in a total imaging time of 14 minutes.

Computerized tomography (CT) images were acquired by
a microCT system (Skyscan 1178; Bruker-MicroCT) contain-
ing two digital X-ray cameras (1,280 � 1,024 pixels) which
scanned over 180� at 50 kV and 615 mA with a resolution
of 83 mm. The CT scan was performed in 2 minutes.

Histology. After the CT and SPECT imaging, the testes were
fixed in 4% formaldehyde.

In the first set of experiments, In the first set of experi-
ments, the testes were placed in saline for 3 days to get rid
of the radioactivity before fixation in 4% formaldehyde. For
a better penetration of the fixative, cuts were made every
4–5 mm in the testes.

Because of poor quality of the tissue sections in the first
set of experiments, the fixation protocol was changed for
the other two sets of experiments. Cuts were made every
4–5 mm in the testes and were fixed immediately. The tissue
was left for 3 days at the in vivo cellular and molecular
imaging department for radioactive decay. This change did
not affect the outcome of the study.

All slices were embedded in paraffin, All slices were
embedded in paraffin, cut in 5-mm-thick sections and
stained with anti-GFP immunostaining. Per slice, three
sections were evaluated at intervals of 100 mm. Briefly, the
sections were deparaffinized, rehydrated by successive series
of ethanol (100%, 100%, 90%, 70%), rinsed in PBS, and
incubated in the dark for 30 minutes with 0.3% hydrogen
peroxide to block endogenous peroxidases. After washing
the sections with PBS for 5 minutes, the sections were incu-
bated for 30 minutes with 3% normal goat serum to prevent
nonspecific binding, followed by an overnight incubation at
4�C with the anti–mouse GFP antibody (1:100 dilution;
SC9996; Santa Cruz Biotechnology). The following day, the
sections were washed three times with PBS and incubated
with the secondary antibody ChemMate Dako Envision/
HRP, Rabbit/Mouse (K5007; Dako) for 60 minutes at room
988.e1
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temperature in the dark. After three washes with PBS, 3,30-
diaminobenzidine tetrahydrochloride (DAB; 1:50 dilution;
K5007; Dako) was added to visualise the immunoreactivity.
The slides were counterstained with hematoxylin and evalu-
ated for GFP positivity.
988.e2
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SUPPLEMENTAL FIGURE 1

Overview of the spread of green fluorescent protein (GFP)-positive cells in the interstitium and seminiferous tubules throughout the human cadaver
testes.
Faes. Testicular cell transplantation. Fertil Steril 2013.
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SUPPLEMENTAL TABLE 1

Calculation of percentage of radioactivity bound to the cells.

Sup D Pellet (mCi) Pellet (mCi) %

1 2.2 1.4 64.4
2 2.2 1.4 64.4
3 11.8 7.0 59.3
4 11.8 7.2 61.2
5 10.1 2.3 18.8
6 10.1 3.0 22.9
Mean 8.0 3.7 48.5
SD 4.6 2.7 21.5
7 9.2 3.4 26.7
8 9.1 3.4 26.9
9 9.7 4.3 44.4
10 9.5 4.1 43.0
11 8.3 3.2 38.9
12 8.1 3.5 43.3
Mean 9.0 3.6 37.2
SD 0.6 0.4 8.3
13 14.5 5.6 38.8
14 7.7 2.7 35.0
15 10.2 4.7 46.1
16 9.9 4.3 43.7
17 9.5 3.7 39.5
18 9.9 3.6 36.0
Mean 10.3 4.1 39.9
SD 2.2 1.0 4.3
Note: Sup ¼ supernate.

Faes. Testicular cell transplantation. Fertil Steril 2013.
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