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Summary. The aim of the present study was to
investigate the relation of the spatial distribution
between ZNT7 and chelatable zinc ions in the mouse
testis. Immunohistochemical results demonstrated a wide
distribution of ZNT7 in both seminiferous tubules and
interstitial tissues of the testis. The spermatocytes and
spermatids in the seminiferous tubules showed strong
ZNT7 immunoreactivity whereas zinc autometallo-
graphic (AMG) staining was absent. Spermatozoa
showed a high level of free zinc, but were void of ZNT7
immunoreactivity. No ZNT7 immunoreactivity and
AMG grains were found in spermatogonia. Both ZNT7
and chelatable zinc were detected in Sertoli and Leydig
cells. Furthermore, double immunofluorescence study
demonstrated that the ZNT7 staining overlapped with
that of TGN38 (a trans-Golgi marker), suggesting that
ZNT7 was localized in the Golgi apparatus in the ZNT7-
positive cells. In conclusion, ZNT7 and chelatable zinc
were distributed in different cell populations except for
Sertoli and Leydig cells in the mouse testis. ZNT7 may
be involved in zinc transportation into the Golgi
apparatus for protein packaging in the mouse testis.
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Introduction

Roles of zinc in male reproduction have been studied
for more than five decades. Studies indicate that zinc is
intimately involved with many aspects of sperm
morphology, physiology, and biochemistry (Hidiroglou
and Knipfel, 1984). Particularly, high zinc
concentrations are found in most mammalian seminal
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plasma, spermatozoa, testis, epididymis, and prostate
(Mawson and Fischer, 1951; Wetterdal, 1958; Byar et
al., 1969; Sorensen et al., 1998). Interestingly, semen is
rich in zinc. Low zinc in semen is associated with poor
sperm count and motility (Hidiroglou and Knipfel,
1984). During spermiogenesis, DNA chromatin in the
sperm nucleus is tightly packed and this condensed
structure, which is important for successful fertilization,
is stabilized by zinc (Delgado et al., 1984). High zinc
concentrations in semen helps to prevent premature
capacitation and acrosome reactions (Andrews et al.,
1994). Once zinc concentrations become diluted within
the female tract, the capacitation and acrosome reactions
occur for fertilization. Zinc may also regulate the
synthesis and secretion of testosterone by sensitizing
Leydig cells to the stimulation of gonadotropins
(McClain et al., 1984; Fabris, 1994). Furthermore, zinc
affects testis development as it has been shown that
dietary zinc deficiency results in necroses of precursors
of germ cells, hypogonadism, inhibition of
spermatogenesis, and abnormal morphology of
spermatozoa (Hidiroglou and Knipfel, 1984; Merker and
Gunther, 1997).

Zinc transporter (ZNT, Slc30) family members are
involved in transportation of zinc from the cytosol into
the extracellular space or pumping zinc into different
intracellular organelles (Colvin et al., 2003; Kambe et
al., 2004). To date, at least 8 Znt genes, named Zntl to
7Znt8, have been cloned and characterized (Seve et al.,
2004). ZNT members are predicted to have 6
transmembrane domains and a large histidine-rich
intracellular loop between domains 4 and 5 which is
proposed to be the zinc binding site (Palmiter and
Huang, 2004). Among the ZNTs, ZNT7 was identified
by searching the expressed sequence tag (EST)
databases with the amino acid sequence of ZNT1
(Kirschke and Huang, 2003). Immunocytochmistry and
electron microscopy have demonstrated that ZNT7 is
localized in the Golgi apparatus of the cell (Chi et al.,
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2006). Exposure of Chinese hamster ovary (CHO) cells
overexpressing ZNT7 to high zinc caused an
accumulation of zinc in the Golgi apparatus, suggesting
that ZNT7 facilitated zinc transport from the cytosol into
the Golgi complex (Kirschke and Huang, 2003).

Previous studies have demonstrated an abundant
expression of a ZNT family member, ZNT1 protein, in
the testis (Elgazar et al., 2005), but little is known about
the distribution and functional significance of other
ZNTs in the mouse testis. It is well known that
proacrosomal vesicles derived from the Golgi apparatus
and the shape of Golgi apparatus is different in different
stages of spermatocyte during the acrosomal biogenesis,
(Kierszenbaum et al., 2007). Therefore, the present study
aims to investigate the relation of the spatial distribution
between ZNT7 and chelatable zinc ions in the mouse
testis.

Materials and methods
Mice

Eight male CD-1 mice (8-10 weeks old, 30-35 g,
provided by the experimental animal center of China
Medical University) were used in the study. They were
housed under a 12 h light/dark cycle with water and food
available ad libitum. All procedures were carried out in
accordance with the ethical standards of China Medical
University.

Immunohistochemistry

Four mice were deeply anesthetized with sodium
pentobarbital (50 mg/kg, i.p.), and were transcardially
perfused with isotonic saline, followed by 4%
paraformaldehyde in 0.1M phosphate buffer (PB,
pH7.4). Testes were removed and fixed by immersion
them into the fixatives for 3 h at 4°C. Fixed testes were
then immersed in a 30% sucrose solution made in PB
overnight at 4°C. Subsequently, the samples were cut in
10-um sections on a cryostat (JUNG CM 1800, Leica,
Germany) and mounted on glass slides. The sections
were rinsed twice in Tris-buffered saline (TBS, pH 7.4),
and treated with 3% hydrogen peroxide (H,0,) in PB for
10 min to reduce endogenous peroxidase activity. After
rinsing with TBS, all tissue sections were preincubated
for 1 h with 5% bovine serum albumin (BSA) and 3%
goat serum in TBS to reduce nonspecific staining.
Sections were then incubated with ZNT7 antiserum (an
affinity-purified rabbit antibody specific for ZNT7)
(Kirschke and Huang, 2003) diluted 1:100 in TBS
containing 3% goat serum, 1% BSA, and 0.3% Triton-X
100 overnight at 4°C. After extensive washing in TBS,
sections were incubated with a 1:200 diluted biotinylated
anti-rabbit IgG for 1 h at room temperature (RT). The
ABC Kit was then used to visualize the reaction sites.
The ABC solution was diluted 1:100 in TBS. A brown
color appeared in the section sites after incubation of the
sections in 0.025% 3,3'-diaminobenzidine with 0.0033%

H,0, for 10 min at RT. Some sections were
counterstained with hematoxylin to detect cell types of
the mouse testis. All sections were then dehydrated in
graded alcohols and covered by coverslips with neutral
balsam for light microscopy. To assess nonspecific
staining, a few sections were incubated with normal sera
instead of the primary antibody. This procedure always
resulted in a complete lack of immunoreactivity.

For confocal immunofluorescence microscopy,
cryostat sections were preincubated with normal donkey
serum (1:20) for 1 h and then incubated with the anti-
ZNT7 antiserum at 1:100, and a monoclonal anti-TGN38
antibody (Sigma) at 1:100 overnight at RT. Fluorescein
isothiocyanate (FITC)-conjugated donkey anti-rabbit
(FITC-DAR) IgG and Texas Red-conjugated donkey
anti-mouse (Texas Red-DAM) IgG (Jackson
ImmunoResearch) were used as secondary antibodies for
the primary anti-ZNT7 and anti-TGN38 antibodies,
respectively. After rinsing with PBS, sections were
incubated with DAR-FITC (1:50) and Texas Red-DAM
(1:50) for 2 h at RT. Sections were then mounted and
examined in a confocal laser scanning microscope
(CLSM, SP2, Leica, Germany).

Zinc selenide autometallography (AMG)

Four mice were injected i.p. with sodium selenide
dissolved in 0.1M PB (25 mg/kg). One and half hours
later, animals were killed by perfusing transcardially
with 2.5% glutaraldehyde solution in 0.1M PB. Tissue
isolation and fixation were performed as described
above. After fixing, samples were cut in 10 um sections
on a cryostat and collected on glassslides. Sections were
then incubated in the AMG developer in a water bath for
1 h at 26°C as described previously (Danscher, 1982).
Subsequently, sections were immersed in a 5%
thiosulphate solution, rinsed with running tap water and
counterstained with hematoxylin. Sections were then
dehydrated in graded alcohols, covered with coverslips,
and analyzed with a light microscope.

Results
ZNT?7 is highly expressed in the mouse testis

The distribution of ZNT7 immunoreactivity in the
mouse testis was analyzed under a light microscope. No
immunoreactivities were detected in control picture (Fig.
la). In general, a distinct immunoreactivity of ZNT7 was
observed throughout the sections. Most cells in the
seminiferous tubules and interstitial tissue were ZNT7
positive (Fig. 1b). The immunoreactivity of ZNT7 was
located in the cytoplasm of cells. In the seminiferous
tubules, ZNT7 immunoreactivities were most intensive
in the spermatocytes at all stages of meiosis and in the
spermatids (Fig. 1b). However, the ZNT7
immunostaining patterns in the spermatocytes were
distinctive in the different stages of the seminiferous
tubules. In the stages VIII and IX, the staining pattern of
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ZNT7 appeared semilunar whereas it was in the punctate
form in the stages II and III (Fig. 1c,d). In non-
counterstaining sections, ZNT7 immunoreactivities were
absent in the zone where the spermatozoa and the
spermatogonia located. The identification of stages in
the seminiferous tubules was done according to the
standards described previously (Parvinen and Ruokonen,
1982). In counterstaining sections, the spermatogonia
were void of ZNT7 immunoreactivity (Fig. 1e). Most of
the Sertoli cells in the seminiferous tubules showed
weak staining of ZNT7 (Fig. 1f). The Leydig cells in the
interstitial tissue, also exhibited ZNT7 immunoreactivity

(Fig. 1g).

Dual immunofluorescence of ZNT7 and TGN38

To further test the subcellular distribution of ZNT7
in the mouse testis, double labeling of ZNT7 and TGN38
(a trans-Golgi marker) was performed. Under CLSM,
the spermatocytes and spermatids were ZNT7-positive

(Fig. 2al). Almost all of cells in the seminiferous tubules
were TGN38-positive (Fig. 2a2). After merging the
ZNT7- and TGN38-labeled images from the two
channels, ZNT7 and TGN38 immunostaining overlapped
in the spermatocytes and spermatids (Fig. 2a3). The
spermatogonia and spermatozoa were void of ZNT7
immunoreactivity (Fig. 2a3).

Zinc autometallographic reaction products in the mouse
testis

One and half hours after an i.p. injection of a sodium
selenite, AMG grains were detected in the seminiferous
tubules under a light microscope. The general pattern of
AMG staining in the mouse testis is shown in Fig. 3a. A
disperse granular staining pattern of AMG grains was
predominantly shown in the spermatozoa (Fig. 3b).
Chelatable zinc was also detected in the Sertoli cells, but
the level was much lower than that in the spermatozoa
(Fig. 3c). There was no detectable free zinc in the

Fig. 1. Light microscopy
photomicrographs of the testicular
sections stained with an anti-ZNT7
antibody. No immunoreactivities
were detected in control picture (a).
General distribution of ZNT7
immunoreactivity in the seminiferous
tubules is shown in b. The ZNT7
immunostaining patterns are
different in respective stages of the
seminiferous tubules. In stages VI
and IX, the pattern of ZNT7
immunoreactivity is semilunar (c). In
stages Il and Ill, ZNT7 immuno-
reactivity is present in the punctuate
form (d). In the zone where the
spermatozoa (black arrows) and the
spermatogonia (blue arrows)
located, no ZNT7 immunoreactivities
were detected (c, d). ZNT7
immunoreactivity is absent in
spermatogonia (arrowheads in e).
ZNT7 immunoreactivity is present in
the Sertoli cells (arrowheads in f)
and the Leydig cells (arrowheads in
g). Scale bars: a, b, 50 pm; c-g,
10 pm.

Fig. 2. Confocal fluorescence microcopy
photomicrographs of ZNT7 and TGN38 in the
- seminiferous tubules. ZNT7 immunoreactivity is

M predominantly found in the spermatocytes and
E spermatids (a1). Almost all cells in the seminiferous
tubules are TGN38-positive (a2). Colocalization of
7 ZNT7 and TGN38 is predominantly found in
: spermatocytes and spermatids (a1-a3). The
arrowheads indicate that spermatogonia are devoid of
ZNT7 immunoreactivity. Scale bar: 20 ym.
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spermatogonia, spermatocytes and spermatids. In the
interstitial regions, Leydig cells were AMG-positive
(Fig. 3d). However, the AMG grains in the Leydig cells
were less than that in the spermatozoa (Fig. 3b,d).

Discussion

In the present study, for the first time, the regional
distribution of ZNT7 in the mouse testis was
investigated by immunohistochemistry. Our
immunohistochemical results demonstrated that the
ZNT7 immunoreactivity was predominantly present in
the spermatocytes, spermatids sustentacular cells, and
Leydig cells of the testis. Double immunofluorescence
study indicated that ZNT7 is localized in the Golgi
apparatus of the cell. In addition, chelatable zinc was
present in the spermatozoa and to a less extent in Sertoli
and Leydig cells.

ZNTT7 is believed to facilitate the translocation of the
cytoplasmic zinc into the Golgi apparatus, where zinc is
presented to the newly synthesized metalloproteins
and/or metalloenzymes (Huang et al., 2002; Kirschke
and Huang, 2003; Suzuki et al., 2005; Chi et al., 2006;
Ishihara et al., 2006). Interestingly, the staining patterns
of ZNT7 in the spermatocytes were different in
respective stages (Fig. 1c). The changes in the ZNT7
staining patterns in the spermatocytes were in good
agreement with an earlier electron microscopic study in
which it demonstrated that the Golgi apparatus in the
spermatocytes had morphologic changes during the
epithelial cycle of seminiferous tubules (Brokelmann,
1963; Gardner, 1966; Susi et al., 1971; Haraguchi et al.,

Fig. 3. Light microscopy photo-
micrographs of the testicular
sections stained by autometallo-
graphy (AMG). The general
distribution of zinc-AMG grains in
the seminiferous tubules of the
testis is shown in a. AMG grains
are predominately located in the
spermatozoa in the seminiferous
tubules (b). Zinc-AMG grains are
also found in the Sertoli cells
(arrowheads in c) and in the
Leydig cells (arrowheads in d).
Scale bars: a, 200 ym; b, 50 pm;
c, 10 ym; d, 5 ym.

AMG ()

Fig. 4. Schematic drawings of the spatial distribution of ZNT7
immunoreactivity and chelatable zinc ions in the seminiferous tubules
according to the results of immunohistochemistry and AMG in the
present study.

2004).

Fig. 4 shows a general distribution of chelatable zinc
and ZNT7 in the mouse seminiferous tubule.
Spermatozoa exhibit AMG reaction but not ZNT7
immunoreactivity. It is known that spermatozoa contain
high level of zinc (Mawson and Fischer, 1951;
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Wetterdal, 1958; Byar et al., 1969; Sorensen et al.,
1998). Apparently, ZNT7 is not the protein responsible
for the zinc accumulation in spermatozoa. One proposed
mechanism for the free zinc accumulation is lack of the
expression of metallothioneins I and II (Elgazar et al.,
2005). Sertoli cells provide the developing germ cells
with appropriate mitogens, differentiation factors,
energy, as well as protecting them from harmful agents
and from host's own immune attack (Tsuruta et al., 1993;
Petersen and Soder, 2006). Elgazar et al. demonstrated
that ZNT1 was expressed in Sertoli cells (Elgazar et al.,
2005). In the present study, free zinc and ZNT7 coexist
in Sertoli cell, suggesting that Sertoli cell may be the
zinc provider for the developing germ cells and ZNT7
may have a role in this process. In the testis of adult
mammalian organisms, spermatogonia maintain their
numbers by self-renewal and give rise to differentiating
germ cells (Ehmcke et al., 2006). Zinc-regulating
proteins, such as metallothioneins I and II, are expressed
in spermatogonia (Elgazar et al., 2005). However, in the
present study, we demonstrated that neither ZNT7 nor
free zinc was detectable in spermatogonia, supporting
the notion that spermatogonia are quiescent in zinc-
containing protein synthesis.

Leydig cells of the testis are the main source for
androgen synthesis and secretion, and play important
roles in male reproductive system (Akhmerova, 2006).
Both ZNT7 and free zinc were detected in Leydig cells,
suggesting that ZNT7 is involved in zinc homeostasis in
these cells.

In conclusion, the present study demonstrated a wide
distribution of ZNT7 in the seminiferous tubules and
interstitial tissues of the mouse testis. ZNT7 was
localized in the Golgi apparatus of ZNT7-positive cells.
ZNT7 and chelatable zinc distributed in different cell
populations in the mouse testis except for Sertoli and
Leydig cells.
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