
Summary. The present work addresses the cellular and
subcellular localization of the zinc transporter 7 (ZNT7,
SLC30a7) protein and the distribution of zinc ions
(Zn2+) in the mouse spinal cord. Our results indicated
that the ZNT7 immunoreactive neurons were widely
distributed in the Rexed’s laminae of the gray matter in
all spinal segments examined. The ependyma cells of the
central canal and glia cells in the white matter were also
shown ZNT7-positive. The ZNT7 immunoreactivity was
mainly detected in the perinuclear regions of ZNT7-
positive cells in the spinal gray matter. For ependyma
cells, the immunoreactivity of ZNT7 was detected in the
cytoplasm near the lumina of the central canal.
Ultrastructural localization showed that ZNT7 was
predominately present in the membrane of the Golgi
stacks. The double immunofluorescence studies
confirmed this result. Other intracellular organelles
including the endoplasmic reticulum, mitochondria and
lysosomes were devoid of ZNT7-immunostaining. The
chelatable Zn2+ ions in the spinal cord were found
predominantly in the terminals of the neuron rather than
the cell body in the gray matter. However, overlapping
distribution of chelatable Zn2+ ions and ZNT7 was found
in the ependyma cells. The present study supports the
notion that ZNT7 may function to supply zinc ions to the
newly synthesized metalloproteins in the secretory
pathway of the spinal neuron and the ependyma cell. 
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Introduction

In the mammalian central nervous system (CNS),
many regions contain large amount of Zn2+, such as
hippocampus, olfactory bulb, amygdala cortex, and
spinal cord (Schroder, 1977; Takeda, 2001). In
mammals, zinc transport across the membrane is
mediated by two zinc transporter families, ZIP (ZRT,
IRT-like protein, SLC39) and ZNT (zinc transporter,
SLC30) (Kambe et al., 2004). The ZIP family members
are involved in zinc influx into the cytosol from the
extracellular space and the lumen of intracellular
organelles, while the ZNT family members have
opposite roles in cellular zinc homeostasis (Colvin et al.,
2003; Kambe et al., 2004). ZNTs, except ZNT5, are
predicted to have six transmembrane domains and a
large histidine-rich intracellular loop between domains 4
and 5 which is proposed to be the zinc binding site. To
date, eight Znt genes, named Znt1 to Znt8, have been
cloned and characterized (Seve et al., 2004). Two other
Znt genes (Znt9 and Znt10) were predicted by the mouse
and human genome resources (Sim and Chow, 1999;
Seve et al., 2004). Among the ZNT proteins, ZNT1 is
the only transporter that is responsible for transporting
zinc from the cytosol to the extracellular space. The
others (ZNT2-8) are involved in pumping zinc into
different intracellular organelles when the cellular zinc
level is elevated (Kambe et al., 2004).

The spinal cord contains a large amount of Zn2+
(Danscher et al., 2001; Wang et al., 2001a), but little is
known about zinc metabolism in the spinal cord. Zinc
autometallographic (AMG) studies have shown that free
zinc ions are dispersed throughout the gray matter
(Schroder, 1977; Schroder et al., 1978; Jo et al., 2000).
At electron microscopic levels, free zinc ions were found
in terminals of subgroups of GABAergic, glycinergic
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and glutamatergic neurons in the spinal cord (Martinez-
Guijarro et al., 1991; Beaulieu et al., 1992; Wang et al.,
2001b). The findings of zinc-containing terminals
presynaptic to neuronal somata and dendrites of dorsal
and ventral horns suggest that zinc may be involved in
both sensory transmission and motor control at the spinal
cord level (Jo et al., 2000).

We have recently reported that five members of the
zinc transporter family, ZNT1, ZNT3, ZNT4, ZNT6 and
ZNT7 are abundantly expressed in mouse and rat brains
(Wang et al., 2004; Chi et al., 2006). In the spinal cord,
however, only the distribution of ZNT3 has been
characterized in detail (Jo et al., 2000; Danscher et al.,
2003). ZNT7 was identified by searching the expressed
sequence tag (EST) databases with the amino acid
sequence of ZNT1 (Kirschke and Huang, 2002). It is
localized in the Golgi apparatus of mouse choroid
epithelial cells demonstrated by our electron microscopic
study (Chi et al., 2006). Zinc exposure to the ZNT7-
overexpressing Chinese hamster ovary (CHO) cells
caused an accumulation of zinc in the Golgi apparatus,
suggesting that ZNT7 facilitates zinc transport from the
cytosol into the Golgi complex (Kirschke and Huang,
2002). The goal of the present study is to investigate the
cellular and subcellular distribution of ZNT7 in the
mouse spinal cord. 
Materials and methods

Mice

Eight male CD-1 mice (8-10 weeks old, 30-35g,
provided by the experimental animal center of China
Medical University) were used in the present study.
They were housed under a 12h 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 perfused
transcardially with isotonic saline, followed by 4%
paraformaldehyde in 0.1M phosphate buffer (PB, pH
7.4) for light immunohistochemistry and immuno-
fluorescence labeling, or 4% paraformaldehyde and
0.025% glutaraldehyde in 0.1 M PB for electron
microscopy. The entire spinal cords were carefully
removed and cut in 5- to 7-mm thick transverse slabs,
which were further post-fixed by immersion into the
corresponding fixatives for 3h at 4°C. 

For light microscopy, the fixed segments of spinal
cord were immersed in a 30% sucrose solution made in
PB for overnight at 4°C. Subsequently, segments of
spinal cord were cut in 10-µm sections on a freezing
microtome (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 (H2O2) in PB for 10 min toreduce endogenous peroxidase activity. After rinsing
with TBS, all tissue sections were preincubated for 1h
with 5% bovine serum albumin (BSA) and 3% goat
serum in TBS to reduce nonspecific staining. Afterward,
the sections were incubated with anti-ZNT7 serum (an
affinity-purified rabbit antibody specific for ZNT7)
(Kirschke and Huang, 2002), diluted 1:100 in TBS
containing 3% goat serum and 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 applied for 1 h at RT in
order to visualize the reaction sites. The ABC solution
was diluted 1:100 in TBS. A brown color appeared in the
sections after incubation of the sections in 0.025% 3,3’-
diaminobenzidine with 0.0033% H2O2 for 10 min at RT.The sections were dehydrated in graded alcohols and
coverslipped with neutral balsam for light microscopy.

For electron microscopy, transversal sections were
cut at 50 µm on a vibratome and collected in 0.1 M PB
at RT. Immunostaining was performed on free floating
vibratome slices. The sections were incubated with an
affinity-purified anti-ZNT7 antibody diluted 1:50 in TBS
containing 1% BSA and 0.25% dimethylsulfoxide
overnight at 4°C. Subsequently, the tissue sections were
processed by using the ABC procedure and
DAB/hydrogen peroxide as above. Sections were
eventually osmicated for 30min in 1% osmium tetroxide
(OsO4) made in 0.1 M PB at RT. After alcohol
dehydration and propylene substitution, sections were
flat-embedded in Epon 812. Semithin sections were
prepared with an ultramicrotome and stained with 0.1%
toluidine blue for light microscopic examinations.
Ultrathin sections were collected on mesh nickel grids,
stained with uranyl acetate for 10 min, and examined at
80 kV in an electron microscope (JEM-1200EX). 

For confocal immunofluorescence microscopy,
samples were rinsed in PB and placed in 30% sucrose
until they sank to the bottom of the container. After
rinsing, samples were cut into 10 µm sections in a
cryostat and mounted on glass slides. Subsequently,
sections were preincubated with normal donkey serum
(1:20) for 1 h, then incubated overnight at RT with anti-
ZNT7 serum at 1:100, and anti-TGN38 (monoclonal
antibody, Sigma) at 1:100. Secondary antibodies used
were fluorescein isothiocyanate (FITC)-conjugated
donkey anti-rabbit (FITC-DAR) IgG, and Texas Red-
conjugated donkey anti-mouse (Texas Red-DAM) IgG
purchased from Jackson ImmunoResearch. After rinsing
with PBS, the sections were incubated for 2 h with
DAR-FITC (1:50) and Texas Red-DAM (1:50) at RT.
Then the sections were mounted and examined in a
confocal laser scanning microscope (CLSM, SP2, Leica,
Germany).

To assess nonspecific staining, a few sections in
every experiment were incubated with normal sera
instead of ZNT7 primary antibody. This procedure
always resulted in a complete lack of immunoreactivity. 
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Zinc selenide autometallography (ZnSeAMG)

Four mice were injected i.p. with sodium selenide
dissolved in 0.1 M PB (25 mg/kg). After 1.5 h survival
time, the animals were then deeply anesthetized and
transcardially perfused with a 2.5% glutaraldehyde
solution in 0.1 M PB. Tissue isolation and fixation were
performed as described above. After post-fixing for 3 h,
samples were cut in 10 µm coronal sections on a cryostat
and placed on glass slides pre-treated with Farmer
solution to avoid contamination. Sections were then
incubated in the AMG developer in a water bath for 1h
at 26°C as described by our previous study (Danscher,
1982). Subsequently, sections were immersed in a 5%
thiosulphate solution to stop the AMG reaction, followed
by placing under running tap water for 20 min in order
to remove the gelatine membrane. The sections were
then dehydrated and coverslipped with neutral balsam
for light microscopy.
Results

Light microscopy of immunohistochemistry and ZnSeAMG

The ZNT7 immunoreactivity and ZnSeAMG staining
patterns were very different to each other in both the

dorsal and ventral horns of the spinal cord (Fig. 1). The
ZNT7 immunoreactivity appeared to be located in the
neuronal cell body and there was no visible distinction in
the intensity of immunolabeling and staining patterns in
different laminae (Fig. 1a). ZnSeAMG staining was found
predominantly in the terminals of the neuron and caused
a characteristic segmental laminar pattern (Fig. 1b),
indicating that there is no correlation between ZNT7
immunostaining and ZnSeAMG stating in the neuronal
cell body. In the dorsal horn, the ZnSeAMG staining was
more intensive in the superficial laminae (I, III-IV) than
in the deeper laminae (V-VI). In the ventral horn, the
staining was observed in the large terminals. Laminae
VII and X were densely stained at all segmental levels
with variably sized zinc-enriched terminals (Fig. 1b). It
is notable that the ZNT7 immunohistochemistry and
ZnSeAMG staining patterns were pronounced and
corresponded to each other in ependyma cells of the
central canal of the spinal cord. Both staining products
were localized in the cytoplasm near to the central canal
(Fig. 2a,b). 

Fig. 3 shows the overall immunocytochemical
staining of ZNT7 in the mouse spinal cord. In the gray
matter (Fig. 3a-d), ZNT7-positive neurons were widely
distributed in all laminae including interneurons of
Rexed’s laminae I-IV and the motor neurons of laminae
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Fig. 1. Light photomicrographs from the upper thoracic segment of mouse spinal cord taken from transverse 10 µm cryosections stained by ZNT7
immunohistochemistry (a) and ZnSeAMG (b). Note the relation of the staining pattern to the Rexed’s laminae (c). ZNT7 immunoreactivity was located in
the neuronal cell body and there was no visible distinction between the intensity of immunolabeling and staining patterns in different laminae.
ZnSeAMG staining was located in the terminals of the neuron and appeared to be a characteristic segmental laminar pattern. Scale bar: 200 µm.
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Fig. 2. Distribution of the ZNT7-immunoreactivity and ZnSeAMG staining in the ependyma cells of the mouse spinal cord. Both ZNT7 immunoreactivity
(a) and ZnSeAMG (b) staining were located in the cytoplasm near the lumina of the central canal. Scale bar: 20 µm.

Fig. 3. Light photomicrographs of transverse 10 µm cryosections stained with an anit-ZNT7 antibody on the cervical (a), upper thoracic (b), upper
lumbar (c), and upper sacral (d) spinal segments. ZNT7-immunoreactive cells were widely distributed in the gray matter including interneurons of
laminae I-IV and motor neurons of laminae VIII-IX. There were no visible difference in the intensity of immunolabeling and staining patterns among the
different segments. The higher magnification pictures showed that the ZNT7 immunostaining was predominantly located in the perinuclear region of the
motor neurons (e), interneurons (f), and glia cells (g). Scale bars: a-d, 200 µm; e-g, 20 µm.



VIII-IX. The ZNT7 immunolabeled neurons differed in
shape and size. In the white matter, glia cells were
positive for ZNT7 immunoreactivity. At a higher
magnification, the immunoreactivity of ZNT7 was
concentrated in the perinuclear regions of the neuronal
cell body (Fig. 3e-g), suggesting a Golgi apparatus
localization of ZNT7.
Ultrastructural localization of ZNT7

Electron microscopic immunolocalization confirmed
the presence of ZNT7 in the Golgi apparatus of neurons.
At the ultrastructural level where the Golgi apparatus
was clearly detectable and localized in the perinuclear
region, and ZNT7 immunoreactivity was found in all
elements of the Golgi stacks including the cis- and trans-
face (Fig. 4). In addition, the Golgi vesicles were
positive for the ZNT7 immunoreactivity. On the other
hand, transport vesicle buds from the endoplasmic
reticulum (ER) were devoid of the ZNT7 immuno-
staining. As expected, the ZNT7 immunoreactivity
appeared to be located on the membrane rather than in
the lumen of the Golgi cisternae. In no case was the
ZNT7-immunoreactivity found in other neuronal
organelles including rough endoplasmic reticulum,
mitochondria, and lysosomes. 
Dual immunofluorescence of ZNT7 and TGN38

To further test the above result that ZNT7 is located
in Golgi apparatus of neurons of mouse spinal cord,
double labeling of ZNT7 and TGN38 was performed to
analyze the subcellular localization of ZNT7 in the
spinal neurons. Under CLSM, the number of ZNT7-
positive neurons and TGN38-positive neurons were
adqulis at low magnification (Fig. 5a1, a2, b1, b2). Dual
immunofluorescence localization of ZNT7 and TGN38
indicated abundant labeling of both antigens in both the
dorsal and ventral horns of the spinal cord, and both
labeling was predominantly in the neuronal cell bodies.
At high magnification, the filaceous distribution of
ZNT7 and TGN38 immunoreactivty was concentrated in
the perinuclear regions of both motorneuron in the
ventral horn and interneuron in the dorsal horn (Fig. 5c1,
c2, d1, d2). The patterns of ZNT7 and TGN38
immunoreactivity were almost completely identical.
After merging the ZNT7- and TGN38-labeled images
from the two channels, a colocalization of ZNT7 and
TGN38 could be demonstrated (Fig. 5a3, b3, c3, d3).
Discussion

The functional significance of zinc in the spinal cord
is not very well understood. Our previous retrograde
tracing study has demonstrated that zinc-containing
neuronal somata appears in most regions of laminae III
to X in the spinal cord (Wang et al., 2001a). Neuronal
terminals that contain both free zinc ions and the ZNT3
protein were found throughout the mouse spinal cord (Jo

et al., 2000; Danscher et al., 2001). It has been
confirmed that ZNT3 is localized on the membrane of
presynaptic vesicles and serves to sequester the
cytoplasmic zinc into synaptic vesicles (Wenzel et al.,
1997). As a neuromodulator, the vesicular zinc is
released into the synaptic cleft during synaptic activities
and interacts with amino acid receptors on the synaptic
plasma membrane (Wenzel et al., 1997). In the present
study, we report that the expression of the ZNT7 protein
is widespread throughout the mouse spinal cord. We also
provide data on the subcellular localization of ZNT7 in
neurons of the mouse spinal cord. 

We previously reported that ZNT7 is localized at the
Golgi apparatus and the Golgi vesicles of mouse choroid
epithelial cells (Chi et al., 2006). In the present study,
our electron microscopic and double immuno-
fluorescence studies demonstrated that, in the neurons of
the mouse spinal cord, ZNT7 displayed a similar
distribution pattern. From the functional point of view,
the Golgi complex plays important roles in modification,
packing, sorting, and dispatching proteins into
appropriate cellular compartments. It is well known that
numerous proteins are properly folded by binding to zinc
ions during their itinerary in the biosynthetic-secretory
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Fig. 4. Electron micrograph showing ZNT7 immunoreactivity in the
motor neuron of the mouse spinal cord. The ZNT7-immunoreactivity is
predominantly located in all elements of the Golgi stacks. The Golgi
vesicles were also ZNT7 positive (arrowhead A), but the trans cisterna
of the Golgi complex and the transport vesicles bud from the ER
appeared to be devoid of the ZNT7 immunostaining (arrowhead B).
Scale bar: 500 nm.



pathway. Therefore, it is reasonable to assume that
ZNT7 may be involved in protein modifications and
packing in the Golgi apparatus by transporting the
cytoplasmic zinc into the lumen of the Golgi complex in
neuronal cells of the mouse spinal cord. 

We previously reported that the distribution of free
zinc ions and ZNT7 in the mouse choroid plexus and
retina overlaps (Chi et al., 2006; Wang et al., 2006).
However, in the mouse spinal cord, the overlapped
staining for both free zinc ions and ZNT7 was only
observed in ependyma cells. In the neuronal cells of the
spinal cord, free Zn2+ ions appear predominantly in the
terminals of the neurons rather than the cell body where
ZNT7 is localized. Other members of the ZNT family,
such as ZNT5 and ZNT6, are also localized in the Golgi
apparatus in many tissues (Huang et al., 2002; Inoue et
al., 2002; Kambe et al., 2002; Suzuki et al., 2005).
Therefore, ZNT7 may not be the only transporter to
pump zinc from the cytosol into the Golgi apparatus. As
the result, it becomes necessary to identify different roles
for these zinc transporters in transporting zinc into the
Golgi apparatus in the future. 

Glia cells are believed to be involved in zinc
metabolism due to their abundant expression of
metallothioneins (El Refaey et al., 1997). In the mouse
cerebellum, the Bergman glia cells show strong
immunoreactivities of ZNT1, ZNT3, ZNT4 and ZNT6
(Wang et al., 2005). In the present study, we
demonstrated that glia cells in the spinal white matter
exhibited the ZNT7 immunoreactivity. Taken together,
these findings support the notion that glia cells are very
important for maintaining zinc homeostasis in the CNS.
In conclusion, immunocytochemistry of ZNT7
demonstrated a wide distribution of ZNT7 in the spinal
neurons and glia cells located in the gray and white
matter, respectively. Electron microscopic immuno-
localization confirmed the presence of ZNT7 on the
membranes of the Golgi apparatus in neurons located in
the dorsal and ventral horns. The abundant presence of
ZNT7 in the Golgi apparatus and the similar distribution
of ZNT7 and Zn2+ in the ependyma cells indicate that
ZNT7 may play an important role in delivery of the
cytoplasmic zinc to the secretory pathway for the
modification and packing of zinc-binding proteins in the
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Fig. 5. Colocalization of ZNT7
and TGN38 in the mouse
spinal neurons. Confocal
images were collected from
the spinal ventral (a1-a3) and
dorsal horn (b1-b3) of
cryosections double-labelled
with ZNT7 (a1, b1) and
TGN38 (a2, b2), respectively.
Scale bars: 75  µm. Both
ZNT7 and TGN38
immunoreactivities were
found predominantly in the
perinuclear Golgi region of
the spinal neuronal cell
bodies. Colocalization of
ZNT7 and TGN38 suggested
a Golgi apparatus localization
of ZNT7 in the ventral motor
neuron (c1-c3), and the
dorsal interneuron (d1-d3).
Scale bars: 20 µm.



mouse spinal cord.
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