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Introduction

Zinc has been demonstrated to play an important role in
bone metabolism and is required for normal growth of the
human and animal skeleton1–7. Furthermore, it has been
shown that the concentration of zinc is higher in bone than
in most other tissues8–12.

Clinically, zinc deficiency is known to be associated with
retarded growth, alopecia, dermal lesions, and hypogo-
nadism. Congenital skeletal disorders, spontaneous abor-
tion, and foetus mortus are seen associated with maternal
zinc deficiency2. It has also been suggested that zinc plays an
important role in the development of osteoporosis5,13–17 and
osteoporotic fractures3,18.

One pool of zinc is present in bone as loosely bound or free
zinc ions, that can be traced by AMG in secretory vesicles of
osteoblasts and in vesicles of the uncalcified bone matrix19,20.
Such vesicular pools of zinc ions are well known from different
exo- and endocrine secretory glands and from the nervous sys-
tem9,21,22. Neurons in the central nervous system (CNS), that
harbour zinc ions in a fraction of their synaptic vesicles are
called zinc enriched (ZEN) neurons22. The expression of free
zinc ions, in particular in vesicular compartments, is a wide-
spread principle in the mammalian organisms, as it is in fish,
lizards, and frogs. Zinc ions have been AMG traced in a vari-
ety of secretory cells, e.g., prostata, pancreas, and salivary
glands of male mice, or pituitary and outside cells e.g., in uncal-
cified bone matrix, ejaculates, and in the epididymis9,11,12,20–23.

Terminals of ZEN neurons in the brain have been found
to have zinc ion transporter molecules (ZnT-3)24 in their
membranes, and other transmembrane transporter mole-
cules have been found in the mammalian organism (ZnT-5)25.
The ZnT-5 gene is suggested to play a role in osteoblast mat-
uration, and its depletion results in impaired function of
osteocytes, reduced bone formation, poor skeletal growth,
and osteoporosis25.
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Abstract

It has previously been established that zinc (Zn) supplementation increases bone dimensions and strength in growing rats.
The present study aims at describing differences in the localization of loosely bound or free zinc ions, as revealed by automet-
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alytic zinc-sulphur clusters. We found clusters of zinc ions localized in the mineralizing osteoid in all groups. No immediate
differences in AMG staining intensity could be observed between the groups neither in the uncalcified bone nor in the
osteoblasts. However, alimentary zinc supply resulted in an increase in the height of the total growth plate in a dose-depend-
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The autometallographic (AMG) zinc techniques are
based on in vivo or in vitro binding of zinc ions as zinc sulphide
or zinc selenide molecules, which create nanocrystals of zinc-
sulphur or zinc-selenium. These crystal lattices are catalytic
to the AMG developer and will therefore be silver enhanced
when placed in an AMG developer20–22,26,27. Zinc ions can
also be traced by the fluorescent probes 6-methoxy-8-p-
toluene sulfonamide quinoline (TSQ)23 and zinquin28.
However, since these techniques only allow low magnifica-
tions and have to be analyzed within a short period of time
after being prepared, we have preferred to use the Neo-
Timm AMG approach26 to trace the zinc ions20. In order to
ensure that the AMG staining was caused by zinc ions we
performed the obligatory controls including blocking the
zinc ion pools in vivo with the low toxic chelator
diethyldithiocarbamate (DEDTC)26.

The purpose of the present study was to trace changes in
the amount and localization of the zinc ion pools following ali-
mentary zinc depletion and supplementation in growing rats.

Materials and methods

Animals and diets

Forty-five male Wistar rats, aged 4 weeks (MØllegaards
Breeding Center Ltd, Ejby, Denmark) were used. The ani-
mals were housed in pairs in metal-free cages in rooms with
a controlled temperature (21±2oC) and a 12:12 h light/dark
cycle. They were given free access to food and distilled
water. The rats were randomly divided into three groups and
received a semi-synthetic diet (Altromin, a special recom-
mended diet for laboratory rodents, Brogaarden, Gentofte,
Denmark) with different amounts of zinc added. 

Group 1 (n= 15) received a zinc-free diet containing
2.042 mg zinc/kg; group 2 (n= 15) received a normal diet
containing 47 mg zinc/kg; and group 3 (n= 15) were fed with
a diet supplemented to 60 mg zinc/kg. 

The animals were sacrificed after 4 weeks in the following
way: three animals from each group were anesthetized with
Mebumal 50 mg/ml and transcardially perfused for 10 minutes
with 0.5% sodium sulphide solution, followed by perfusion with
3% glutaraldehyde in a 0.1 M phosphate solution for 3 minutes.

Both hind limbs were dissected from the body and postfixed for
1–4 hours in the glutaraldehyde fixative. Longitudinal, 200 Ìm-
thick, femoral sections including the epiphysis, the metaphysis,
and the lower part of the diaphysis were cut on a diamond pre-
cision-parallel saw (Exakt; Apparatebau, Otto Hermann,
Norderstedt, Germany). The sections were dipped in a 0.5%
gelatin solution, and AMG-developed for 60–90 minutes. The
other 36 animals were killed by decapitation.

AMG development

The AMG method has formerly been described in detail20.
In brief:

ñ Protective colloid: Dissolve 2 kg crude gum arabic resin
drops in 4 l de-ionized water, stir intermittently for 5 days
and then filter through several layers of gauze. Store the col-
loid in plastic jars and place it in a freezer.

ñ Citrate buffer: Dissolve 25.5 g citric acid and 23.5 g
sodium citrate in 100 ml distilled water.

ñ Reducing agent: Dissolve 0.85 g hydroquinone in 15 ml
distilled water at 45oC.

ñ Silver ion supply: Dissolve 0.1 g silver lactate in 15 ml 40 oC
distilled water in a jar wrapped in lightproof foil.

60 ml protective colloid was mixed with 10 ml citrate buffer
and 15 ml hydroquinone. 15 ml silver lactate was added just
before the AMG developer was poured into vials containing the
bone sections. The vials were placed in a water bath at 26oC and
covered with a cardboard box to shield the vials from excessive
light during the 60–90 minutes developing period. The AMG
developing process was stopped by replacing the AMG devel-
oper with a 5% sodium thiosulphate solution. The sections
were then carefully rinsed several times in distilled water.

The sections were embedded undecalcified in Technovit
9100 (Heraeus Kulzer; Werheim/Ts., Germany). These
Technovit 9100 embedded bone sections were cut into 10 Ìm
thick sections on a Jung model K microtome (R. Jung GmbH,
Heidelberg, Germany) and counterstained with toluidine blue.

Proximal tibial metaphysis

The proximal tibial metaphyses from three animals from
each group were embedded in Technovit 9100 and cut into

Group 1 2 3

Alimentary zinc content (mg/kg) 2 47 60

Final body weight (g) 108.1 ± 13.3 218.3 ± 13.5a 276.4 ± 18.5a,b

Femur length (mm) 27.22 ± 1.02 29.58 ± 0.83a 32.96 ± 0.83a,b

Tibial growth plate height (mm) 0.431 ± 0.050 0.895 ± 0.065a 1.140 ± 0.117a,b

Key: aSignificantly different from group 1; bSignificantly different from group 2.

Table 1.
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10 Ìm thick sections on the microtome. The sections were
stained with Goldner trichrome in order to measure the
height of the growth plate, and in order to perform a histo-
logical description.

The remaining 12 animals from each of the three groups
were used for assessment of bone growth and strength due to
the different zinc diets. These results have been reported
elsewhere29.

Controls

Four additional animals were used as controls for the
specificity of the autometallographic sulphide silver method.
They were treated intraperitoneally with an aqueous solution
containing DEDTC (1000 mg DEDTC per kg body weight),
then allowed to live for 1 hour before they were perfused and
processed as described above. Finally, bones from animals
not treated with sulphide were used as blank controls.

Femoral length and tibial growth plate height

The femoral length was measured from the top of the
caput femoris to the distal femoral condyles with an elec-
tronic caliper.

The 10-Ìm-thick Goldner trichrome stained tibial sections
were placed in a microscope (BZ-40; Olympus, Tokyo,
Japan) equipped with a digital microscope camera (DP11;
Olympus, Tokyo, Japan) and images were acquired at a mag-
nification of x100. The metaphyseal and epiphyseal borders
of the growth plate were defined by the extent of the
Goldner trichrome staining of the cartilage. The height of
the growth plate was determined by averaging over 5 equi-
distant test lines that had been superimposed over the digi-
tized image of the growth plate. The test lines were orientat-
ed parallel to the long axis of the tibiae.

Results

Rats in group 1 showed general signs of zinc deficiency,
including dermal lesions on the extremities, the tail, and in
particular around the eyes.

Animal body weight and femoral length (15 animals from each
group) (Table 1 and Figure 1)

At the time of sacrifice, the mean body weight and the
mean femoral length of the animals was significantly lower in
the zinc-depleted group and significantly higher in the zinc-
supplemented group, thus exhibiting a dose-dependent
response.

Tibial growth plate height (3 animals from each group) (Table 1)

The study showed significant differences in the height
of the growth plate of the animals in the three groups.
The growth plate heights followed a dose-dependent pat-
tern with respect to the zinc content of the diet fed to the
rats.

Histology (3 animals from each group)
Histological description, Goldner trichrome (Figure 2)

The epiphyseal cartilage was narrower and the hyper-
trophic chondrocytes fewer in the zinc deficient animals
than in the zinc supplemented rats. Measurements recorded
from the three groups (Figure 2A–C) showed an increase in
the height of the total growth plate, the majority of which is
accounted for by an increase in the height of the hyper-
trophic zone and the irregular-shaped lacunae with lack of
the straight columnar arrangement in the hypertrophic layer
in the groups supplemented with zinc (Figure 2B–C) com-
pared with the zinc-depleted group (Figure 2A).

In the specimens stained with Goldner trichrome there
also seemed to be less osteoid in the alimentary zinc defi-
cient group than in the other two groups, however this was
not quantified. Consequently, it was not possible to identify
any difference between the three groups in the amount of
mineralized bone.

ZnS AMG detection of zinc ions (Figure 3)

1. Bone tissue:
The ZnS AMG grains were concentrated intracellularly in

the osteoblasts and osteocytes and extracellularly in the
osteoid in all three groups. ZnS AMG grains were present in
a relatively large number in the mineralizing osteoid at the
endocortical bone surfaces with active bone formation,
where the osteoblasts are present in a layer of small cylindri-
cal cells appearing like an epithelium (Figure 3A).

Not all osteocytes contained AMG grains, but in some
areas, especially near bone surfaces (endocortically and
periosteally), the osteocytes demonstrated AMG grains
along their osteocytic processes (Figure 3B). ZnS AMG

Figure 1. Femora. Group 1 (2 mg/kg) (A), group 2 (47 mg/kg) (B),
and group 3 (60 mg/kg) (C).
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grains were also found extracellularly on the longitudinal par-
titions running between the hypertrophic chondrocytes
(Figure 3A), i.e., in places where the calcification of the
matrix is known to commence. The mineralized bone was
void of ZnS AMG grains. No resorptive surfaces, and there-
fore no osteoclasts, were seen in the sections. It was not pos-
sible to demonstrate any differences in the concentration or
pattern of the ZnS AMG grains in the three groups.

2. Joint cartilage:
In the femora, joint cartilage zinc ions were traced in the

cytoplasma of all the chondrocytes, throughout the whole
thickness of the cartilage, but chondrocytes in the proliferations
zone had the highest content of AMG grains (Figure 3C–D).

3. Synovial membrane:
The one to four cells thick layer of ellipsoidal cells of the

synovial membrane contained AMG grains in their cytoplasma
and especially in the inner layer of the membrane (Figure
3E–F).

Controls

Bone sections from animals that had been treated with
dieethyldithiocarbamate (DEDTC) before being perfused
with sodium sulphide, were completely devoid of silver gains,
thereby showing that the zinc ions had been chelated and
therefore could not be bound in zinc-sulphur clusters21,26,27.
The same was found for control sections from animals, that
had not been perfused with sodium sulphide. AMG grains
were not found in the osteoid (Figure 4A), the chondrocytes
of the joint cartilage (Figure 4B), or in the synovial mem-
brane (Figure 4C) of the DEDTC treated animals.

Discussion

We have previously established that alimentary zinc sup-
plementation causes increased bone dimensions and
strength in growing rats29. In the present study, we used the

Figure 2. Goldner trichrome stained sections showing the proximale part of the tibia including the epiphyseal cartilage of the three groups
at original magnifications of x12.5 (upper row), x100 (middle row), and x400 (lower row). Group 1(A), group 2 (B), and group 3 (C).
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autometallographic technique (ZnS AMG) to evaluate
whether the pattern or concentration of zinc ions in the
skeleton of growing rats differs in relation to different levels
of alimentary zinc supplementation.

In growing rats, calcified cartilage serves as a template for
bone formation (i.e., endochondral ossification). Matrix vesi-
cles (MV) are known to be involved in the induction of calci-
fication on growth plate cartilage (hypertrophic zone)30,31.
Sauer et al. isolated MV from chicken growth plates and
found that zinc ions act as an endogenous regulator of MV
Ca2+ uptake6. This hypothesis has been supported by oth-
ers30–33, and we found zinc ions in what we believed to be MV
in the unmineralized bone matrix with the ZnS-AMG tech-
nique20. This ZnS AMG technique is, as mentioned earlier,

based on the binding of zinc ions in the tissues as nanocrystals
of zinc-sulphur atoms, and has been applied to different bio-
logical tissues8,9,11,34. The nanocrystals are catalytic to AMG sil-
ver enhancement and can be magnified to sizes where they
can be seen directly and at LM and EM levels20–22,26,35. Our
results confirmed the presence of high numbers of zinc ions in
non-mineralized osteoid and osteoblasts, and our findings are
in accordance with the results by Calhoun et al. who found
that zinc is required at the site of bone formation as a requi-
site for complete calcification2.

Several authors have isolated chondrocytes from the
growth plate and have suggested zinc as a regulator of the
calcification32,33. However, to the best of our knowledge
nobody has previously located Zn ions in the chondrocytes

Figure 3. Toluidine blue stained sections showing the mineralizing front with osteoblasts and osteocytes. Autometallographic silver grains
are seen both intracellularly and in the matrix x400 (A), osteocytes with osteocytic processes loaded with AMG grains x1000 (B). Sections
showing the distal part of the femora including the articular cartilage; AMG grains are seen in the cytoplasma of the chondrocytes x400 and
x1000 (C–D). Sections showing the synovial membrane of the joint of the distal part of the femora; AMG grains are detected in the cyto-
plasma of the ellipsoidal cells of the synovial membrane x400 and x1000 (E–F).
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of the articular cartilage. We have demonstrated the pres-
ence of ZnS AMG grains both in the superficial layer and in
the deeper partially calcified layer of the articular cartilage,
and we therefore suggest that zinc ions may be important in
the regulation of the calcification of cartilage. Moreover, it
has been shown that zinc deficiency inhibits the proliferation
of chrondrocytes36 and that zinc supplementation stimulates
the proliferation of epiphyseal growth plate chondrocytes37.
This may indicate that zinc is involved in not only the regu-

lation of the calcification of cartilage, but also plays a role in
the regulation of the formation of epiphyseal cartilage and
thereby in longitudinal bone growth38.

The presence of zinc ions in the upper epithelial cell lay-
ers of the synovial membrane is not understood, but it might
indicate that synovia contains free zinc ions, secreted from
these cells which are important to the nourishment of the
joint cartilage.

In this study we also found that alimentary zinc supple-
mentation resulted in an increase of the body weights, the
length of the femora and the height of the growth plate in a
dose-dependent manner. This could be explained by the fact,
that zinc has been suggested to have an anabolic effect on
bone metabolism which mimics that of growth hormone (GH)
and insulin-like growth factor I (IGF-I)29. Several studies have
shown that low zinc intake is associated with low concentra-
tions of IGF-I and therefore retarded growth. However, IGF-I
infusion to the zinc depleted animals/humans does not reverse
the growth retardation5,14,39,40. It has therefore been suggested
that zinc in some way is essential for IGF-I induction of cell
proliferation and transforming growth factor-‚ in osteoblastic
cells in vitro41,42.

In conclusion, based on a modified autometallographic
Timm sulphide silver method, we have demonstrated that
zinc ions are present in osteoid bone, synovial membrane,
and cartilage, and that alimentary supplementation of zinc in
growing rats increases bone metabolism in a dose-dependent
manner. The increased bone metabolism is corroborated by
the increased thickness of the epiphyseal plate, increased
length of the femora, and increased body weights.

However, the exact role of Zn ions on bone-metabolism
has not been elucidated yet, and needs further investiga-
tions. But we believe that the presented method for identifi-
cation of Zn ions could play an important role for these fur-
ther investigations.
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