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Dose-dependent effects of busulfan on dog testes in preparation
for spermatogonial stem cell transplantation

Tai-Young Hur', Seung-Hoon Lee', Sun-A Ock’, Hyuk Song?, Hyun-Jung Park?,
Ran Lee?, Si-Heung Sung’, Hyunjhung Jhun**, Won-Young Lee’*

'Animal Biotechnology Division, National Institute of Animal Science, RDA, Korea
’Department of Stem Cell and Regenerative Biology, Konkuk University, Seoul, Korea
*Department of Food Bioscience, College of Biomedical & Health Science, Konkuk University, Chung-ju, Korea
*Research Group of Nutraceuticals for Metabolic Syndrome, Korea Food Research Institute, Seongnam, Korea
>Department of Beef & Dairy Science, Korea National College of Agriculture and Fisheries, Jeonju, Korea

Successful male germ cell transplantation requires depletion of the host germ cells to allow efficient
colonization of the donor spermatogonial stem cells. Although a sterilizing drug, busulfan, is commonly
used for the preparation of recipient models before transplantation, the optimal dose of this drug has not
yet been defined in dogs. In this study, 1-year-old mongrel dogs were intravenously injected with three
different concentrations of busulfan (10, 15, or 17.5 mg/kg). Four weeks after busulfan treatment, no fully
matured spermatozoa were detected in any of the busulfan-treated groups. However, small numbers of
PGP9.5-positive spermatogonia were detected in all treatment groups, although no synaptonemal
complex protein-3-positive spermatocytes were detected. Of note, acrosin-positive spermatids were not
detected in the dogs treated with 15 or 17.5 mg/kg busulfan, but were detected in the other group. Eight
weeks after busulfan treatment, the dogs treated with 10 mg/kg busulfan fully recovered, but those in the
other groups did not. PGP9.5-positive spermatogonia were detected in the 10 mg/kg group, and at a
similar level as in the control group, but these cells were rarely detected in the 15 and 17.5 mg/kg
groups. These results suggest that a dose of 15-17.5 mg/kg is optimal for ablative treatment with busulfan
to prepare the recipient dogs for male germ cell transplantation. At least eight weeks should be allowed
for recovery. The results of this study might facilitate the production of recipient dogs for male germ cell
transplantation and can also contribute to studies on chemotherapy.
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Spermatogenesis is a complex process by which
spermatogonial stem cells (SSCs) in the seminiferous
tubules of an adult testis become mature spermatozoa.
SSCs can be transplanted into the seminiferous tubules
of sterile recipient testes to provide an effective strategy
to study spermatogenesis and the production of transgenic
animals [1]. The preparation of a completely sterile
recipient is key to producing donor-derived sperm using

SSC transplantation [2]. Several methods have been
developed in mammals, such as the use of irradiation,
chemical reagents, surgical cryptorchidism, and heat
therapy [1,3-5].

Busulfan treatment is the most commonly used
method for chemical sterilization. Busulfan is a DNA
alkylating agent that depletes germ cells and disrupts the
junctions between Sertoli cells, thereby permitting the
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migration of transplanted spermatogonia to the basal
lamina [6]. Several studies have reported the production
of recipient testes for male germ cell transplantation. The
dose of busulfan required for sterilization varies widely
between species. Doses of 30-44 mg/kg have been
reported in mice, 40-100 mg/kg in pigs, and 8-12 mg/kg
in monkeys [7-9]. In dogs, busulfan was previously
intravenously injected at doses ranging from 3.75 to 40
mg/kg [10]. However, the previous study did not analyze
germ cell depletion after the treatment, so the optimal
dose for dogs is currently unclear.

In this study, we examined the dose-dependent effects
of busulfan treatment and performed a histological
analysis of busulfan-treated dog testes. In addition,
biomarkers of spermatogonia, spermatocytes, and spermatid
cells were analyzed by immunohistochemistry.

Materials and Methods

Animals and experimental design

One-year-old mongrel dogs (n=10, about 15-20 kg)
were randomly divided into four groups: control (Con,
n=1), 10 mg/kg (n=3), 15 mg/kg (n=3), and 17.5 mg/kg
(n=3). Busulfan (Sigma Aldrich, B2635) was dissolved
in dimethyl sulfoxide and injected into the vein with 50
mL of saline. Testicular tissues were collected four and
eight weeks after busulfan treatment by a veterinary
surgeon using a Vitesse Biopsy Gun (OptiMed global
care, 1399-000) after anesthesia. Each sample was fixed
in Bouin’s solution overnight at 4°C. The changes in
body weight were measured every week. Experimental
procedures were conducted in accordance with the
guidelines approved by the Institutional Animal Care
and Use Committee of the National Institute of Animal
Science (approval No. 2016-214).

Histology

Fixed testes samples were subsequently washed with
70-100% (v/v) ethanol, washed in xylene, embedded in
paraffin, sliced into 5-pm-thick sections using a
microtome (Thermo Fisher Scientific, Waltham, MA,
USA), and mounted on glass slides. The mounted dog
testicular tissue was rehydrated with xylene and a gradient
of 100-0% ethanol. The rehydrated testes specimens
were stained with hematoxylin and eosin (H&E).

Immunohistochemistry
To identify the localization of PGP9.5-, SCP3- and

acrosin-expressing cells in the dog testes, the antigens
were retrieved by boiling the tissue for 30 minutes in
Tris-ethylenediaminetetraacetic acid (Tris-EDTA) solution
(10 mM Tris base, 1 mM EDTA, and 0.05% Tween-20;
pH 9). The membranes of the antigen-retrieved tissues
were permeabilized with phosphate-buffered saline
(PBS) containing 0.2% Triton X-100 for 10 minutes.
Non-specific protein binding was blocked with 2%
bovine serum albumin in PBS for 1hour at room
temperature (RT). Tissues were incubated overnight at
4°C with the following primary antibodies: PGP9.5
(1:1000 dilution; 7863-1004; AbD Serotec; Raleigh,
NC, USA), SCP3 (1:50 dilution; SC-33195; Santa Cruz
Biotechnology, Inc.) and acrosin (1:50 dilution; SC-
51504; Santa Cruz Biotechnology, Inc.). After the
samples were washed three times with PBS, the appropriate
secondary antibody was added and the samples were
incubated for 2 hours at RT. A peroxidase substrate
detection kit (SK-4100; Vector Laboratories; Burlingame,
CA, USA) was used for the detection of putative canine
germ cell markers, according to the manufacturer’s
instructions. Finally, DPX mountant (Sigma Aldrich,
06522) was used to fix the immunostained canine
testicular tissues. The immunostained tissues were
observed under an optical microscope.

Results

Changes in body weight after busulfan treatment

To determine the side effects of busulfan treatment, the
dogs’ body weight was measured. There was an increase
in body weight in all of the dogs (Table 1). However, one
dog each in the 15 and 17.5 mg/kg treatment groups died
within the first 15 and 18 days after busulfan treatment.

Histological changes induced by busulfan treatment
To analyze the effects of busulfan on the dog testes,
H&E staining was performed. No fully-differentiated
spermatozoa were detected in any of the groups (Figure
Ab, Ac, Ad). However, some differentiated cells were
detected in the dogs treated with 10 mg/kg busulfan. In
addition, spermatozoa were detected eight weeks after
treatment in the 10 mg/kg busulfan group, but not in the
15 and 17.5 mg/kg treatment groups. Moreover, the
diameter of the seminiferous tubules had recovered to
normal in the 10 mg/kg treatment group (Figure 1. Bb).
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Table 1. Changes in the body weight of dogs following busulfan treatment

Dog 995398Kg oo {\Week 2Weeks Day15 Day18 4Weeks 5Weeks 6Weeks 7 Weeks SOdY weight
(mg) changes

25 10 1876 1962 1928 1858 1918 1904 2178 2334 2362 486
26 10 1884 1894 1884 1858 1962 1902 215 229 2306 422
27 10 1744 1752 179 1738 179 179 1980 2158 2208 464
28 15 1704 1758 18 174 1786 1792 2026 2098 2226 522
29 15 2182 2176 2098 2062  death

30 15 2074 2063 208 2022 2098 205 2218 2438 243 3.56
33 175 1476 1498 1494 1428 1508 146 17 1786 1798 322
34 175 188 1908 1934  death

35 175 1848 188 1842 1822 1904 1808 195 205 204 192
36  control 2044 2088 2128 207 2138 2164 2364 2452 2548 504

A

Figure 1. Hematoxylin and eosin (H&E) staining of dog testes after busulfan treatment. H&E staining was performed four (A) and
eight (B) weeks after treatment on testes from dogs in the (a) control, (b) 10 mg/kg, (c) 15 mg/kg and (d) 17.5 mg/kg groups. The

scale bars indicate 100 um.

Effects of busulfan treatment on the expression of
germ cell markers

Immunohistochemistry was performed to assess the
testicular expression of PGP9.5, a marker of undifferentiated
spermatogonia, and SCP3 and acrosin, markers of
differentiated male germ cells. The expression of PGP9.5
significantly decreased four weeks after busulfan
injection (Figure 2. A). However, after eight weeks, the
number of PGP9.5-positive cells had recovered in the
dogs treated with 10 mg/kg busulfan, although this
recovery was not seen in the 15 mg/kg and 17.5 mg/kg
groups (Figure 2. Bb, Bc, Bd). No SCP3 expression (as
a marker of spermatocytes) was detected in either group
at four or eight weeks after busulfan injection (Figure 3.
Ab, Ac, Ad, Bb, Bc, Bd). The expression of acrosin was
not detected at four or eight weeks after injection in
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either the 15 or 17.5 mg/kg busulfan groups (Figure 4.
Ac, Ad, Bc, Bd). However, while the number of acrosin-
expressing cells significantly decreased at four weeks in
the 10 mg/kg busulfan group, the cells had recovered by
eight weeks after busulfan injection (Figure 4. Ab, Bb).

Discussion

We investigated the histological and cellular changes
in dog testes following busulfan treatment to establish
sterile males to serve as germ cell transplant recipients.
Our previous study reported that PGP9.5 was detected in
undifferentiated spermatogonia, SCP3 was detected in
primary spermatocytes, and acrosin was detected in the
spermatids and spermatozoa in dog testes [11]. We
therefore also analyzed the expression of these markers
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eight (B) weeks after treatment on testes from dogs in the (a) control, (b) 10 mg/kg, (c) 15 mg/kg and (d) 17.5 mg/kg groups. The
scale bars indicate 100 um. The arrows indicate cells expressing the PGP9.5 protein. PGP9.5, protein gene product 9.5.

Figure 3. Dog spermatocytes, as detected by SCP3 immunohistochemical staining. The staining was performed four (A) and eight
(B) weeks after treatment on testes from dogs in the (a) control, (b) 10 mg/kg, (c) 15 mg/kg and (d) 17.5 mg/kg groups. The scale
bars indicate 100 um. The arrows indicate cells expressing the SCP3 protein. SCP3, synaptonemal complex protein 3.

in dog testes after busulfan treatment.

Male germ cell transplantation is a useful technology
to conserve endangered species and produce transgenic
animals [12]. To prepare the recipient testes for male
germ cell transplantation, it is necessary to achieve maximal
depletion of endogenous germ cells with minimal effects
on the testicular microenvironment [13]. Treatment with
busulfan is the most common method used for germ cell
depletion. Several studies have described the effects of
busulfan treatment for the preparation of recipient testes,

but data are still lacking for dogs. Although one previous
study analyzed the dose-dependent effects of busulfan in
dogs, that report did not describe germ cell depletion and
recovery in the dogs [10].

Busulfan, an alkylating agent that is toxic to stem cells,
is used to condition patients for autologous and allogeneic
hematopoietic stem cell transplantation [14]. It has also
been used experimentally in animals for germ cell trans-
plantation because it can deplete germ cells and disrupt
the junctions between Sertoli cells, thus permitting the
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Figure 4. Dog spermatids and spermatozoa as detected by acrosin immunohistochemical staining. The staining was performed
four (A) and eight (B) weeks after treatment on testes from dogs in the (a) control, (b) 10 mg/kg, (c) 15 mg/kg and (d) 17.5 mg/kg
groups. The scale bars indicate 100 um. The arrows indicate cells expressing the acrosin protein.

migration of transplanted spermatogonia [6]. In the
present study, male germ cells were depleted in dog
testes by busulfan treatment. We noted that a dose of
10 mg/kg busulfan is insufficient for recipient testis
preparation (Figure 1). However, both 15 and 17.5 mg/
kg busulfan depleted the male germ cells, and the cells
remained depleted for at least eight weeks after treatment
in the dog testes (Figure 1).

In this study, histological analysis of seminiferous
tubule showed reversible loss of spermatogenic cells.
Previous report described, mice that received a lower
dosage of busulfan may have some tubule repopulation
from endogenous spermatogonial stem cells. The count
of germ cell in the groups treated with busulfan after 8
weeks, showed a considerable recovery of spermatogenesis
[15].

Biomarkers of male germ cells are important for
research on spermatogenesis. In this study, PGP9.5,
SCP3, and acrosin proteins were used to identify germ
cells at different stages of spermatogenesis. The numbers
of PGP9.5-positive undifferentiated spermatogonia were
significantly reduced by busulfan treatment (Figure 2),
and recovered in the 10 mg/kg-treated testes by eight
weeks after treatment. This result indicates that 10 mg/
kg of busulfan was not sufficient for preparation of the
recipient testis. Interestingly, the SCP3 protein was not
detected and the acrosin protein was only weakly
detected after busulfan treatment (Figure 3,4). These
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results indicate that busulfan leads to relatively long-
term damage to the testes after injection. These results
need to be confirmed in other studies, but suggest that
more research is needed to determine the potential for
spermatogenic recovery after chemotherapy.

In conclusion, we analyzed the effects of busulfan
treatment on dog testis for up to eight weeks after
injection. Our findings indicate that 10 mg/kg is not
sufficient for germ cell depletion. Both 15 and 17.5 mg/
kg treatment can deplete germ cells in dog testes, but not
perfectly. Nevertheless, a dose of 15-17.5 mg/kg and
eight weeks of recovery are optimal for busulfan treatment
to prepare recipient dogs for male germ cell transplantation.
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