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ABSTRACT

Calcium, sulfur, and zinc content in normal and arthritic equine cartilage have

been studied by synchrotron radiation-induced X-ray emission (SRIXE). Ranging from the super-
ficial to the columnar zone of the normal tissue, calcium and zinc concentrations are increas-
ingly higher, whereas sulfur is at its highest concentration in the transitional zone. In the arthritic
tissue, calcium concentration is at its maximum in the transitional zone, whereas zinc and sul-
fur distributions are relatively homogeneous. Sulfur concentration in arthritic cartilage is re-
duced to about one-third with respect to that in normal tissue. The possibility that zinc
concentration reflects the distribution of the zinc-containing enzyme alkaline phosphatase is

presented. © 1995 Wiley-Liss, Inc.

Senescence and/or traumas can produce osteo-
arthritic degeneration in articular cartilage. This
disease is characterized by the destruction of car-
tilage and by subchondral bone changes. Neutral
and acidic proteases degrade both tissue proteo-
glycans and collagen, eventually promoting the
death of cartilage cells and the erosion of the tis-
sue (Mannik and Gilliland, ’83). The metacarpal
joints of horses affected by osteoarthritis are a
suitable model for the study of this disease. Very
recently we have characterized some metabolic
aspects of this kind of cartilage from healthy
horses (Vittur et al., ’94). In the present study,
the distribution of three elements of biological rel-
evance (sulfur, calcium, zinc) was determined in
normal and arthritic cartilage by means of SRIXE
technique. In this methodology, X-rays obtained
from a synchrotron light source are collimated (up
to 10 um x 10 um) and impinged on a tissue sec-
tion. Depending on the energy of the incident pho-
tons, K electrons of atoms can be ripped out;
contemporarily, external electrons move to the
empty K level while emitting energy in the form
of X-ray fluorescence. The energy of the emitted
radiation leads to the detection of the kind of
atom, whilst the evaluation of the number of the
emitted photons permits quantitative results. By
scanning the sample it is possible to obtain one-
or two-dimensional maps of element distribution.
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SRIXE is an emerging technique which only re-
cently is being used for the study of growing car-
tilage (Vittur et al., ’92), and only few examples
can be quoted of its use for the investigation of
biological samples (for example Bockman et al.,
"90; Ali et al., ’92).

MATERIALS AND METHODS

Normal and arthritic horses were identified by
a veterinary check before the sacrifice. Samples
of articular cartilage were obtained from the zones
of the metacarpal bones normally subjected to
loading. Cartilage slices were excised, under asep-
tic conditions, immediately after the sacrifice of
the animals (2- to 5-year-old horses) and fixed in
2.5% formaldehyde. They were then dehydrated
and paraffin embedded, according to the usual
techniques of optical microscopy. Finally, trans-
verse sections, 5 um thick, containing the super-
ficial, the transitional, and the columnar zones
(Ghadially, *78), were cut. For SRIXE analysis, sec-
tions were mounted on a slide frame between two
perforated acetate cellulose sheets. Care was
taken that the part of the section to be analyzed
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was in correspondence with the hole (5 mm in di-
ameter) in the cellulose acetate sheets.

X-ray microprobe

X-ray microprobe studies were carried out with
the X-ray microscope (XRM) facility in operation
at beamline X-26, National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory
(Upton, NY) as reported by Vittur et al. ('92).
Emission spectra, obtained by means of a micro-
beam collimated to 10 pm x 10 um, were stored
and analyzed by using a Digital Equipment Cor-
poration Micro Vax II computer and a Nuclear
Data Corporation (ND9900) data acquisition sys-
tem. Relevant peaks were selected to obtain one-
dimensional maps corresponding to the distribution
of the trace and minor elements along a trans-
verse section of the tissue.

Quantitative determination of calcium, sulfur,
and zinc concentrations in the samples was per-
formed by calibration with standard mixtures of
the different elements at known concentration. The
concentrations of the elements in cartilage samples
were calculated by the following expressions:

CCa,unk = CCa,std RCa ACa,unk/ACa,std
CZ,unk = CCa,unkYZ,Ca AZ,unk/ACa,unk

where std indicates standard samples and unk re-
fers to cartilage samples; Cy,,; indicates the con-
centration of an element different from calcium
(sulfur, zinc), R, is the ratio between the calcium
fluorescence yield in the standard and that in the
cartilage sample. A is the area of the fluorescence
peak normalized for the total photon flux in the
detector, A is the area of the fluorescence peak,
and the Y;, is the relative fluorescence yield for
calcium and either sulfur or zinc in the cartilage
sample. The relative fluorescence yield (Y) was
evaluated from the standard samples through
data processing of the number of photons emitted
per square radiant by the different elements.

Biochemical essays

Chondrocytes were obtained from the whole nor-
mal and arthritic cartilages by collagenase diges-
tion as described by Pollesello et al. ("90). They
were isolated from the same cartilage samples
used to obtain sections for SRIXE analysis. Alka-
line phosphatase activity was measured accord-
ing to Stagni et al. (79) on the cells immediately
after their isolation. Results were normalized to
the DNA content measured according to Labarca
and Paigen (°80).

Histology

Staining of sections was performed with alcian
blue at pH 1.8 to reveal sulfated glycosamino-
glycans.

RESULTS

As a preliminary investigation, spectra were col-
lected from each of the three zones of the carti-
lage for the identification of the elements present
in the tissue. Figare 1 shows a spectrum collected
in the transitional zone (those collected from the
other zones are similar). The presence of argon in
the air produced the major signal, whereas sig-
nals relevant to titanium, chromium, and iron were
due to the radiation scattering on the experimental
set-up, as shown also by their presence when a
blank, i.e., a sample of the paraffin used for tissue
embedding, was analyzed. Potassium is normally
present in the tissue as K', a freely diffusible spe-
cies; its concentration might easily be modified by
the procedure of fixation, dehydration, and embed-
ding. In conclusion argon, titanium, chromium, iron,
and potassium distributions are not considered in
the following discussion. Sulfur, calcium, and zinc
are the three elements investigated in the different
zones of cartilage.

In the normal tissue (Table 1), calcium concen-
tration rises continuously from the superficial to
the columnar zone. On the contrary, in the patho-
logical tissue, the concentration of calcium reaches
1ts maximum value in the transitional and colum-
nar zones.
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Fig. 1. X-ray emission spectrum. Typical X-ray spectrum
obtained over a collection time of 300 s with a beam size of
10 pm x 10 pm from a thin section (5 um) of articular carti-
lage (transitional zone).
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TABLE 1. Calcium, sulfur, and zinc concentration in three different layers of equine normal
and arthritic articular cartilage*
Ca S Zn
Normal cartilage
Superficial 0.16 = 0.06 543 + 1.58 0.005 = 0.002%**
Transitional 0.92 = 0.06* 15.72 + 2,16 0.029 + 0.005**
Columnar 1.96 + 0.48 12.65 = 0.84 0.047 = 0.015
Arthritic cartilage
Superficial 0.19 + 0.12 3.16 = 0.31 0.043 £ 0.022%*+*
Transitional 1.45 + 0.39*% 5.07 = 0.96 0.046 + 0.010**
Columnar 1.50° 4.08° 0.0427

'Data (pg/em?) are the mean = SD of at least four experiments on different cartilage sections.

Data are the mean of two experiments.

® #% *x+The statistical differences were evaluated by unpaired t-test: (*)P = .03, (**)P = .009, (***)P = .0001.

In the transitional zone, sulfur concentration is
about three times higher than in the superficial
zone of normal cartilage; it is decidedly lower in
the columnar zone. The pathological tissue is char-
acterized by a regular distribution of sulfur; in
fact, the mean concentration of this element in
all three zones is about one-third of that measured
in the transitional zone of the normal cartilage.

The distribution of zinc is relatively constant
throughout the three zones in pathological tissue.
However, its concentration in the superficial and
transitional zones of pathological tissue is higher
than in the corresponding zone in normal cartilage.

The scanning of the sections along a transverse
axis (Fig. 2) from the superficial to the columnar
zones confirms the data reported in Table 1, and
exhibits better spatial resolution. The data collected
in the scanning mode were not normalized to stan-
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Fig. 2. Calcium, sulfur, and zinc distribution throughout
the different layers of normal and arthritic cartilage. Beam
size = 10 pm x 10 um. Pixel size 25 pm x 25 um, acquisition
time per pixel = 30 s. Scanning direction: from A (superficial
zone) to B (columnar zone).

dard samples, so that they are only qualitative; no
guantitative comparison can be made either
among different elements or among identical ele-
ments measured in different sections. It is inter-
esting to note that sulfur distribution, as revealed
by sample scanning, is superimposable to that of
sulfated glycosaminoglycans as shown by alcian
blue staining (Fig. 3).

In order to test a correlation between the zinc
concentration and the alkaline phosphatase
presence in the cartilage, the alkaline phos-
phatase-specific activity in chondrocytes iso-
lated from normal and arthritic tissues has been
measured. Four samples of both normal and ar-
thritic cartilage obtained from different horses
were analyzed. The values obtained are of the
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Fig. 3. Distribution of sulfated glycosaminoglycans in nor-
mal and arthritic cartilage. Cartilage sections were stained
with alcian blue, pH 1.8. The reactivity of the intercellular
matrix to alcian blue is maximum in the transitional zone of
normal tissue (A), but, in contrast, is more uniform through-
out the arthritic tissue (B). x125.
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same order of magnitude, but the figures rela-
tive to chondrocytes from pathological tissue are
slightly larger than those of normal cartilage
(1.3 vs. 0.9 nmoles-min~"-ug DNA™).

DISCUSSION AND CONCLUSIONS

The presence of zinc and the different distribu-
tion of sulfur and zinc in the normal and arthritic
cartilage are the new elements derived from our
studies on the elemental composition of articular
cartilage. The increase of calcium concentration
in the transitional zone of arthritic cartilage with
respect to that relative to the normal tissue gives
an analytical support about the presence of calci-
fied nodules seen by Ali et al. ("92) in the deeper
zones of articular cartilage where calcified carti-
lage appears to advance into the noncalcified tis-
sue. The type and amount of proteoglycans present
in the different zones of this tissue have been thor-
oughly studied in the past by traditional methods
(Maroudas and Kuettner, ’90). It is therefore of
relevance that the sulfur distribution profiles ob-
tained by means of SRIXE are strictly related both
to those obtained with classical methods for
proteoglycan analysis in normal cartilages and to
the histological evidence shown in Figure 3. It is
known that, in arthritis, proteoglycans are re-
moved by proteolytic degradation from the tissue
which appear eroded in the zones interested by
lesions (Thonar and Kuettner, '87). In our ex-
periments, pathological cartilage sections were
scanned by the X-ray probe across the non-
eroded zones of the tissue, and the results indi-
cate that proteoglycan concentration, as measured
by sulfur distribution profile, is dramatically lower
with respect to normal tissue. In addition to this,
proteoglycans appear to be rather homogeneously
distributed throughout the tissue width.

Another interesting piece of information is the
presence and the distribution of zinc. In a previ-
ous paper (Vittur et al., '92), we have put forward
the idea that, in pig pre-osseous cartilage, the zinc
atoms detected by SRIXE might be those linked
to the metalloenzyme alkaline phosphatase. The
same inference can be made in the present study.
Despite the fact that zinc distribution in normal
and pathological tissues is different, the order of
magnitude of zinc concentration is the same, with
a significantly higher level of this element in ar-
thritic cartilage (superficial and transitional zones).
The activity of the zinc-containing alkaline phos-
phatase is slightly higher in the chondrocytes iso-
lated from pathological cartilage than in those
isolated from the normal one. In addition to this,

the activity of the enzyme present in the homoge-
nate from arthritic cartilage of either rabbit
(Mokondijmobe et al., ’91) or human cartilage (Ali
et al., ’92), is three times higher than that rela-
tive to the alkaline phosphatase from normal tis-
sue. Ali et al. (°92) suggested that this higher
alkaline phosphatase activity could be correlated
to the presence of an extended matrix vesicle-con-
taining calcified area. In fact, matrix vesicles are
the locus of the initial mineralization in cartilage
(Anderson, ’67; Bonucci, '67) and are character-
ized by a very high alkaline phosphatase-specific
activity (Pollesello et al., ’90). The matrix vesicle
presence in the intermediate zone of arthritic tis-
sue supports the idea of a mineralization extended
to this zone and justifies the high calcium con-
tent (Table 1) of the tissue. The above-reported
evidence strengthens the hypothesis that the zine
detected by means of SRIXE is connected to the
presence of alkaline phosphatase.
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