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Abstract. Correlated studies were performed with light and
electron microscopy, and backscattered electron image in
conjunction with X-ray microanalysis, of lanthanum-
incubated epiphyseal cartilage of the young rat. The hall-
mark of this procedure is the appearance of LaP electron-
dense deposits (not present in control sections) in precise
sites of the hypertrophic zone. The ultrastructural study re-
vealed a dual nature of these sites: ‘‘dense matrix vesicles’
and ‘‘focal filament aggregates.”” The dense matrix vesicles
are a specific type of matrix vesicle with the intrinsic ca-
pacity of precipitating LaP mineral, as soon as they origi-
nate from the hypertrophic chondrocytes. Furthermore, the
matrix vesicles were found to be heterogeneous because
lanthanum-devoid, ‘‘light matrix vesicles’ were also
present. The focal filament aggregates, which were not rec-
ognized in unstained sections and in controls, are apparently
focal concentrations of proteoglycans with high lanthanum
binding capacity, although the presence in them of other
components (e.g., type X collagen, C-propeptide of type II
collagen) cannot be excluded. They were in close connec-
tion with the light matrix vesicles in the upper hypertrophic
zone, and were loaded with a variable quantity of LaP ir-
regular electron-dense deposits in the lower hypertrophic
zone. These irregular deposits are similar to, but distinct
from, calcification nodules. The lanthanum incubation
method indirectly detects the matrix Ca-binding compo-
nents (which bind La ions), and the calcification initiation
sites (which precipitate a LaP-mineral phase). A sequence is
proposed of successive steps of LaP nucleation within the
focal filament aggregates, which possibly mimics calcium
phosphate deposition. Such a sequence seems to require the
participation not only of dense matrix vesicles, but also of
the filamentous components of the focal aggregates, possi-
bly together with the activity of alkaline phosphatase.
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The lanthanum incubation method is based on the premise
that La>* and Ca* have the same ionic radius, but La>* has
a higher valence and is more tightly bound to organic sub-
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strates than Ca"; the expectation is that La®" binds to the
same matrix components as Ca**, but less reversibly, and it
remains so during specimen preparation and electron mi-
croscope examination. The lanthanum incubation method
was proposed by Morris and Appleton [1] to study the cal-
cium binding sites in the cartilage matrix as an alternative
method to the potassium-pyroantimoniate-osmium ultrahis-
tochemistry. The lanthanum incubation method was first
applied to normal and rachitic condylar cartilage. The elec-
tron microscope results showed the presence of electron-
dense deposits located around the hypertrophic chondrocyte
peripheral membrane, as well as in the extracellular matrix.
Rachitic condylar cartilage showed marked reduction in the
quantity of electron-dense deposits, but a restoration fol-
lowed in rats treated with vitamin D.

The electron-dense deposits have a distribution tendency
similar to that of the calcification nodules, and consist of
needle- and filament-like structures similar to apatite crys-
tallites, so that they can be hardly differentiated from areas
of early calcification. For this reason, further electron mi-
croscopic analysis was carried out on lanthanum incubated
epiphyseal cartilage of the young rat. The principal aim was
to identify the nature of the electron-dense deposits as well
as the related matrix components. In the present study the
lanthanum incubation method proved to be a sensitive
method for detecting the calcium binding sites and the cal-
cification initiation sites of the hypertrophic zone.

Materials and Methods

Light and Electron Microscopy

Small and thin (1 X 2 X 2 mm) fragments of metatarsal and tibial
epiphyseal cartilage of 8-day-old Wistar rats and tibial epiphyseal
growth plate of 15- and 21-day-old Wistar rats were incubated in
a solution containing 15 mM (0.557 g/100 ml) of lanthanum chlo-
ride, fixed and processed as reported [1]. Control samples were
treated without lanthanum chloride. Semithin sections were exam-
ined under the light microscope after (1) staining with toluidine
blue-pyronine G, (2) staining with azur II-methylene blue, (3)
using the von Kossa method, (4) impregnation with ammoniacal
silver at 55°C, until the sections take on a brown color, and (5)
decalcification by floatation for 10 minutes on 10% EDTA or 2%
formic acid, followed by toluidine blue-pyronine G staining or
ammoniacal silver impregnation.

The ultrastructural study was performed on the uncalcified (i.e.,
von Kossa negative) hypertrophic zone of the epiphyseal cartilage.
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To select this zone, the blocks were trimmed under microscopic
control until the zone of calcifying cartilage and chondrocyte dis-
integration was present only at a very marginal portion of the
specimen in von Kossa-stained sections. The selected zone was
arbitrarily divided into three parts: (1) the upper hypertrophic zone
(i.e., the part approaching the cartilage maturation zone); (2) the
lower hypertrophic zone (i.e., the part with hypertrophic chondro-
cytes); (3) and the lowest hypertrophic zone (i.e., the very marginal
portion where degenerated and fragmented chondrocytes and von
Kossa-positive granules could be found.

In the first place, ‘‘unstained’’ ultrathin sections were mounted
on aluminium grids and examined under a JEOL-JEM 1200 mi-
croscope (Jeol L.T.D., Tokyo, Japan) equipped with a LINK LZ5
X-ray microanalysis system to search for lanthanum precipitates
and to describe their distribution [1]. Then, ultrathin sections were
examined under a CM10 Philips TEM (Philips Export B.V., Ein-
doven, The Netherlands) after using the following procedures: (1)
decalcification by flotation on EDTA or formic acid; (2) staining
with uranyl acetate and lead citrate (U/Pb); (3) staining with 2%
phosphotungstic acid in aqueous solution (PTA); (4) decalcifica-
tion by flotation on EDTA or formic acid followed by uranyl
acetate and lead citrate staining (post-embedding decalcification
and staining; PEDS method [2]).

Correlated Backscattered Electron Image in Conjunction with
Mapping X-ray Microanalysis

Correlated analyses were conducted in a JEOL-JSM820 SEM
(scanning electron microscope) equipped with a LinK AN 10/85
energy dispersive X-ray analytical system and a solid state annular
backscattered electron image detector. The SEM was operated at
20 kV. The backscattered electron image (BSE) and X-ray micro-
analysis were performed on the carbon-coated block surface of the
La-incubated cartilage previously used for ultrastructural study.
These block surfaces can be considered as flat surfaced bulk sam-
ples suitable for BSE-SEM, X-ray microanalysis, and correlated
studies [3]. The spatial X-ray resolution obtained was about 1 pum.
The block surface was examined first with BSE-SEM to recognize
the chondrocyte morphology and distribution of lanthanum focal
deposits. Then selected scanned fields were analyzed. Character-
istic X-rays of elements were first qualitatively identified and their
net peak intensitiecs were evaluated. A simultancous mapping
X-ray microanalysis was then recorded by fixing six windows to
identify, respectively, phosphorus (P = 1.920-2.080 kV), sulphur
(S =2.240-2.360 kV), calcium (Ca = 3.640-3.740 kV), lanthanum
(La = 4.560-4.720 kV), and two background sectors (BG1 =
3.080-3.460 kV; BG2 = 3.940—4.360 kV).
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Results
Light Microscope Examination

After La incubation, the morphology of the epiphyseal
chondrocytes appeared well preserved. The intriguing find-
ing was the appearance in the hypertrophic zone, but not in
the proliferative zone, of stainable deposits located in the
interterritorial matrix and around the chondrocyte peripheral
membrane with a typical distribution.

In the interterritorial matrix of the hypertrophic zone the
deposits were numerous, small dots (about 1-2 wm in di-
ameter) deeply stained by toluidine blue (Figs. 1, 2), meth-
ylene blue, or ammoniacal silver impregnation (Figs. 3, 4),
even after decaicification with EDTA or formic acid (Figs.
5, 6, 7). The dots were abundant and bigger in the lowest
zone, where they were heavily impregnated by silver. More-
over, the small dots present in upper and lower hypertrophic
zones were all von Kossa negative, whereas part of those of
the lowest hypertrophic zone were positive (i.e., they were
calcification nodules; Fig. 8). In the control cartilage, the
dots were restricted to the lowest zone of the hypertrophic
cartilage.

The deposits around the chondrocyte peripheral mem-
brane were better appreciated by ammoniacal silver impreg-
nation and were not present in the controls. In the upper
hypertrophic zone, the deposits outlined the peripheral
membrane of the chondrocytes (Fig. 3). In the lower hyper-
trophic zone, they appeared as distinct dots in close contact
with the peripheral membrane and capsular material (Figs.
4, 7). In the lowest zone, numerous von Kossa-negative
dots, visible after toluidine blue staining (Fig. 5), were
present around the chondrocyte peripheral membrane.

Transmission Electron Microscope Examination

On initial examination, electron microscopy of the ‘‘un-
stained’’ sections showed the presence in definite sites of
electron-dense deposits. A preliminary control X-ray micro-
analysis showed that these deposits contained lanthanum
and phosphorus. They were found in territorial and inter-
territorial matrix of the lower hypertrophic zone (Fig. 9),

Fig. 1. Upper hypertrophic zone: numerous deeply stained dots are present in interterritorial matrix. Toluidine blue-pyronine G; bar = 10

pm.

Fig. 2. Lower hypertrophic zone: dots present in interterritorial matrix. Toluidine blue-pyronine G; bar = 10 pwm.

Fig. 3. Maturing zone: linear deposits around the chondrocyte membrane and dots in interterritorial matrix. Ammoniacal silver impreg-
nation; bar = 10 um.

Fig. 4. Lowest hypertrophic zone: deposits are abundant around the chondrocyte membrane, and in territorial and interterritorial matrix.
Ammoniacal silver impregnation; bar = 10 pm.

Fig. 5. EDTA-decalcified lowest hypertrophic zone: deposits are visible around the chondrocyte membrane and in territorial and
interterritorial matrix, in spite of section decalcification. EDTA/toluidine blue-pyronine G; bar = 10 pum.

Fig. 6. EDTA-decalcified upper hypertrophic zone: clusters of deposits are seen in interterritorial matrix. EDTA/ammoniacal silver
impregnation; bar = 10 pm.

Fig. 7. EDTA-decalcified lower hypertrophic zone: separate deposits around the chondrocyte membrane. EDTA/ammoniacal silver
impregnation; bar = 10 pm.

Fig. 8. Lowest hypertrophic zone: von Kossa-positive (below) and von Kossa-negative (above) dots are present in the same area of
interterritorial matrix. Von Kossa/toluidine blue-pyronine G; bar = 10 pm.

Fig. 9. Lower hypertrophic zone: electron-dense deposits are present in both territorial and interterritorial matrix. C: chondrocyte lacunae;
unstained, X6610; bar = 1 pm.

Fig. 10. Lower hypertrophic zone: a small portion of hypertrophic chondrocyte is visible on the upper left; the electron-dense deposits
are located close to, and in the proximity of, the chondrocyte peripheral membrane. Their roundish shape suggests that they probably
correspond to dense MVs, as shown in Figures 12 and 13. Compare with Figure 11. U/Pb, x21,000; bar = 0.5 pum.

Fig. 11. Lower hypertrophic zone: small, roundish or irregular, electron-dense deposits (*‘irregular electron-dense deposits’’), and less
electron-dense, needle-shaped deposits, probably corresponding to apatite crystallites (arrows), are visible in interterritorial matrix.
Compare with Figure 10. Unstained, x50,000 bar = 0.25 pm.
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were completely removed by EDTA or formic acid treat-
ment, and were heavily stained by U/Pb.

A close observation of these deposits revealed two dis-
tinct morphologies: some were globular (Fig. 10), others
had an irregular shape (Fig. 11; see below). After examining
PTA or PEDS-stained sections, we realized that the globular
deposits were matrix vesicles (MVs). In fact, they appeared
as globular (80-170 nm in diameter) structures (Fig. 12)
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surrounded by a dense, membrane-like peripheral border
(20-30 nm thick) (Fig. 13). Their matrix was homogeneous
and electron-dense, thus they are called ‘‘dense’” MVs.
They were often in contact with collagen fibrils and were
sometimes connected to the extremity of a cellular process
(Figs. 12, 13). The dense MVs were abundant at the peri-
cellular rim and in the territorial matrix of hypertrophic
chondrocytes. In interterritorial matrix they were found both
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Fig. 12. Upper hypertrophic zone: a very small portion of a hypertrophic chondrocyte, and two cell processes are visible; globular
electron-dense deposits, probably corresponding to dense MVs, are connected to the extremity of the cell processes. U/Pb, x21,000; bar
= 0.5 pm.

Fig. 13. Upper hypertrophic zone: section decalcified by flotation on formic acid; a dense MV is located at the tip of a cell process; other
dense MVs (arrows) show a membrane-like peripheral border. PEDS method: formic acid-U/Pb, x28,500, bar = 0.5 pm.

Fig. 14. Upper hypertrophic zone: two dense MVs, easily recognizable because of their high electron density, and six focal filament
aggregates are present in this portion of the interterritorial matrix; the focal aggregates appear as small, roundish clusters of filaments
which mask the other structures of the matrix. U/Pb, x11,500; bar = 1 um.

Fig. 15. Lower hypertrophic zone: seven dense MVs are visible; three of them are located over a focal filament aggregate, two are at its
border, and two (upper right corner) are in the matrix. U/Pb, X21,000; bar = 0.5 pum.

Fig. 16. Upper hypertrophic zone: several focal filament aggregates are visible in interterritorial matrix; they appear as roundish,
moderately electron-dense structures. Part of a chondrocyte on lower left. U/Pb, X3900; bar = 2 pm.
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Fig. 17. Upper hypertrophic zone: detail of focal filament aggregates, only one of which is entirely visible; note that it is a roundish
aggregate of thin filament-like structures whose ultrastructural morphology is similar to that described for apatite crystallites. U/Pb,
x15,500; bar = 1 pm.

Fig. 18. Upper hypertrophic zone: light matrix vesicles (arrows) appear as empty vacuoles surrounded by a thin wall; they are associated
with focal filament aggregates. U/Pb, x28,500; bar = 0.5 pum.

Fig. 19. Upper hypertrophic zone: three focal filament aggregates, one of which (upper right) is partly visible, are present in interterritorial
matrix; their filaments are lightly stained by PTA, so that collagen fibrils irregularly crossing the aggregates are visible. PTA, x15,500;
bar = 1 pwm.

Fig. 20. Upper hypertrophic zone: dense matrix vesicles (arrows) are present within closely adjacent focal filament aggregates. PEDS
method: formic acid-U/Pb, x21,000; bar = 0.5 pum.

Fig. 21. Lower hypertrophic zone: irregularly shaped deposits (i.e., irregular electron-dense deposits) are visible; they appear as very
electron-dense, irregular clusters of badly visible filaments. Note that they are located over and among lightly stained filaments pertaining
to focal filament aggregates. U/Pb, x28,500; bar = 0.5 pum.

Fig. 22. Lowest hypertrophic zone: only irregular electron-dense deposits are visible in this area; their high electron density masks the
structures of the matrix, including the probably underlying focal filament aggregates. Note resemblance of these deposits with calcification
nodules. U/Pb, x8900; bar = 2 pm.
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WINDOW NET

LABEL INTEGRAL
P Ka 270
5 Ka 1733
Ca Ka 113

La La 1812

free in the matrix (Fig. 14) and within roundish aggregates
of filaments (‘‘focal filament aggregates’’) (see below and
Fig. 15). The dense MVs near the hypertrophic chondro-
cytes of the lowest zone were bigger than those of the upper
zone, reaching 260-300 nm in diameter.

Another type of MV, devoid of electron-dense deposits
and consequently called ‘‘light’” MV, was present in the
cartilage matrix. Because light MVs were frequently asso-
ciated with focal filament aggregates, they are described
below together with these structures.

WINDOW NET

LABEL INTEGRAL
P Ka 1812
S Ka 1444
ca Ka 39

The focal filament aggregates corresponded to the von
Kossa-negative dots visible under the light microscope.
They were small (0.2-1.3 pm in diameter), roundish, star-
like, or irregular aggregates of thin filaments (about 2 nm
thick) which were not visible in unstained sections, and
were recognizable after staining with U/Pb (Figs. 14, 15, 16,
17, 18), PTA (Fig. 19), or PEDS method (Fig. 20). In PTA-
stained sections they appeared irregularly crossed by colla-
gen fibrils (Fig. 19). They were not visible in either un-
stained or stained sections of the control cartilage.
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Fig. 23. Upper hypertrophic zone: correlated backscattered electron image (BSE) and SEM image: small and big deposits which
produceBSE-signal are seen in the interterritorial matrix and at the border of the chondrocyte lacuna. A layer of unstained block surface
is examined. X2500; bar = 10 pum.

Fig. 24. Upper hypertrophic zone: correlated BSE-SEM image of an area similar to that shown in Figure 6; clusters of deposits producing
BSE-signal are present in the interterritorial matrix. A layer of unstained block surface is examined. x1100; bar = 10 pm.

Fig. 25. Upper hypertrophic zone: detail of the clusters of deposits (1-2 pm) shown in Figure 24; a layer of unstained block surface is
examined. BSE-SEM, x4300; bar = 1 pm.

Fig. 26. Lower hypertrophic zone: correlated BSE-SEM image of an area similar to that shown in Figure 4: small deposits are present
on the border of the chondrocyte lacuna and in the interterritorial matrix. A layer of unstained block surface is examined. x1200; bar =
10 pm.

Fig. 27. Lower hypertrophic zone: correlated BSE-SEM image of an area similar to that shown in Figure 9: small, globular deposits are
present on the border of the chondrocyte lacuna, other bigger, irregular deposits are visible in the interterritorial matrix. A layer of
unstained block surface is examined. x4500; bar = 1 pm.

Fig. 28. Lowest hypertrophic zone: correlated BSE-SEM image of an area similar to that shown in Figure 22: coalesced and fused deposits
are visible on right. A layer of unstained block surface is examined. X2700; bar = 5 pm.

Fig. 29. Upper hypertrophic zone: X-ray microanalytical spectrum and net integral counts of P, S, Ca, and La obtained from the clusters
of deposits that produce the BSE-signal. Scanned field = 10 x 13 wm; FS = 2K; time = 100 seconds.

Fig. 30. Lower hypertrophic zone: X-ray microanalytical spectrum and net integral counts of P, S, Ca, and La obtained from the
irregular-shaped deposits that produce the BSE signal. Scanned field = 10 x 13 pm; FS = 2K; time = 100 seconds.

Fig. 31. Upper hypertrophic zone: computer display, backscattered electron image in conjunction with mapping X-ray microanalysis of
P, S, and La of focal filament aggregates devoid of electron-dense deposits. SEM, x11,000, bar = 1 pm.

Fig. 32. Lower hypertrophic zone: computer display, backscattered electron image in conjunction with mapping X-ray microanalysis of
P, S, and La of dense MVs and irregular-shaped electron-dense deposits. SEM, x23,000; bar = 1 pm.

Fig. 33. Lowest hypertrophic zone: computer display, backscattered electron image in conjunction with mapping X-ray microanalysis of

P, Ca, and La of separated LaP-electron-dense deposits and Ca deposits in the interterritorial matrix. SEM, x15,000; bar = 1 pm.

The focal filament aggregates were first seen in the up-
per hypertrophic zone (Fig. 16), where they were in close
relationship with light MVs (Fig. 18). These were electron-
transparent, globular or ovoid (60-110 nm in diameter),
membrane-bound structures that were found in association
with focal filament aggregates (Fig. 18) and dense MVs
(Figs. 14, 20). Light MVs were especially numerous in in-
terterritorial matrix of the upper hypertrophic zone and were
not found in either the territorial matrix or in association
with the chondrocyte processes.

In the lower hypertrophic zone, the focal filament ag-
gregates had reduced affinity for U/Pb (Fig. 21); moreover,
they contained electron-dense deposits. Some of these de-
posits were dense MVs (Fig. 15), others corresponded to the
second type of electron-dense deposits mentioned above
(irregular electron-dense deposits) (Fig. 21). These con-
sisted of aggregates of needle- and filament-like structures
having a morphology similar to, and an electron density
greater than, that of hydroxyapatite crystals (Fig. 11), so that
they were visible in unstained sections. They also resembled
U/Pb stained filaments of focal filament aggregates. These
structures formed roundish and, more often, irregular ag-
gregates and for this reason they are called ‘‘irregular elec-
tron-dense deposits.”’

The irregular electron-dense deposits were scattered
throughout the interterritorial matrix of the lower hypertro-
phic zone and were located on the focal filament aggregates,
which consequently were more or less completely masked
(Figs. 21, 22). Especially in the lowest hypertrophic zone,
the masking effect was often complete (Fig. 22), so that the
deposits acquired a morphology similar to that of calcifica-
tion nodules (i.e., early aggregates of inorganic crystals).

Correlated BSE-SEM in Conjunction with X-ray Microanalysis

The BSE-SEM provided high topographic contrast images
of the La-incubated epiphyseal cartilage. The morphology
of the chondrocytes was easily recognized; moreover, de-
posits that produced a BSE-signal were located in the in-
terterritorial matrix and around chondrocytes of the hyper-
trophic cartilage. In the upper hypertrophic zone, the inter-

territorial deposits (1-2 pwm in diameter) were disposed in
clusters (Figs. 23, 24, 25). Other small deposits (about 0.1
pm thick) were seen around the chondrocyte peripheral
membrane and in the interterritorial matrix (Figs. 23, 25).
The BSE-signal deposits were more abundant in the lower
hypertrophic zone (Fig. 26). Some of them were globular
(about 0.1-0.2 wm in diameter) and were chiefly located
around the chondrocyte peripheral membrane (Fig. 27), oth-
ers were irregularly shaped and bigger (about 1-2 pm thick;
Figs. 27, 28) and were located in the interterritorial matrix.
In the lowest hypertrophic zone these deposits coalesced,
forming plaques (Fig. 28).

The qualitative X-ray microanalysis study of the BSE-
signal deposits showed different content of La, P, and S in
them. In the upper hypertrophic zone the clusters of BSE-
signal deposits found in the interterritorial matrix revealed
spectral peaks of P, S, and La (Fig. 29). The P spectral peak
was very low, and the X-ray count ratio La:P was 6:1. No
Ca spectral peaks were detected. In the lower hypertrophic
zone, the irregular-shaped deposits revealed peaks of P, S,
and La (Fig. 30). The P and La spectral peaks were high,
and the X-ray count ratio La:P was 2:1. No Ca spectral
peaks were detected. The globular deposits at the peripheral
membrane of the chondrocytes of the lower zone were com-
posed of P and La spectral peaks, although a low S spectral
peak was detected; no Ca spectral peaks were detected. The
globular X-ray count ratio La:P was 2:1. The plaques found
in the lowest hypertrophic zone revealed a spectrum com-
posed of P, S, Ca, and La. Their X-ray count ratio Ca + La:P
was 2:1. A silicon (Si) spectrum was detected in the single
Ca deposits, but it was not found in the LaP deposits.

The X-ray mapping showed the peculiar distribution of
the elements P, S, Ca, and La in the variety of BSE-signal
deposits. In the upper hypertrophic zone, the X-ray mapping
showed focal concentration of La over the clusters of BSE-
signal deposits and a homogeneous distribution of S and P
in them and in the surrounding matrix (Fig. 31). In the lower
hypertrophic zone, the X-ray mapping showed a coincident
distribution of P and La in the globular and irregular-shaped
deposits (Fig. 32). In the lowest zones, the X-ray mapping
showed La deposits and Ca deposits separately (Fig. 33).
Thus, the BSE-signal detected was produced by La; and an
exact correlation was found between BSE/X-ray mapping
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images and light and electron microscope images. So in the
upper hypertrophic zone the focal filament aggregates
bound La but were devoid of LaP-electron-dense deposits.
In the lower hypertrophic zone the focal filament aggregates
and the dense matrix vesicles were loaded with LaP-
electron-dense deposits. In the lowest zones LaP deposits
and Ca deposits coexisted separately.

Discussion

After La incubation, the hypertrophic zone of the epiphyseal
cartilage exhibited the same electron-dense deposits as the
condylar cartilage [1]. As the electron-dense deposits ap-
peared similar to apatite mineral, the X-ray microanalysis
was necessary to confirm their La content [1]. In unstained
cartilage, all electron-dense deposits were composed of P
and La, with a constant X-ray count ratio La:P =2:1; no Ca
was demonstrable in them, except in lightly electron-dense
deposits of the lowest hypertrophic zone. These findings,
and especially the La:P ratio, would suggest that the La-P
electron-dense deposits were in fact calcification nodules,
and that the hydroxyapatite Ca had been substituted by La
during the incubation period, with formation of La phos-
phate. However, because electron-dense La deposits of the
hypertrophic cartilage are more abundant than calcification
nodules, and because they are present in areas where no
solid Ca phases are morphologically demonstrable, it may
be thought that, rather than substituting for Ca, La binds to
the same matrix sites that can potentially link Ca ions, thus
simply ‘‘staining’’ Ca-binding sites.

The present findings seem to support the second possi-
bility, but they do not solve the problem. If the electron-
dense deposits were due to La substitution for Ca, they
should contain silicon, as early apatite deposits do [4, 5]; on
the contrary, silicon is not demonstrable. However, this el-
ement is described to be present in early solid, crystalline
calcium phosphate deposits, whereas La-Ca substitution
might occur in more labile, morphologically unrecognizable
CaP phases such as amorphous calcium phosphate (ACP).
This possibility is consistent with the recent observation that
early MV mineralization is dependent on the presence of a
labile, nucleational core of ACP [6, 7]. A second observa-
tion which seems to be against La substitution for Ca is that
light microscopy, electron microscopy, and X-ray micro-
analysis show the coexistence of La and Ca deposits sepa-
rately in the same microscopic field of the lowest hyper-
trophic zone. Again, it might be supposed that the La de-
posits are formed by La substitution for the Ca of labile
deposits, whereas the Ca deposits correspond to a stable
form of calcium salt that cannot be dismutated. A third
observation which seems to be against La substitution is that
no Ca deposits were recognizable in the upper and lower
hypertrophic zones in control sections stained with the von
Kossa method. However, this method is not very sensitive
and probably does not reveal the earliest Ca deposits.

The X-ray count ratio La:P = 2:1 suggests that the elec-
tron-dense deposits correspond to a solid phase of La phos-
phate precipitated in precise sites during a period of incu-
bation. While La** was supplied by incubation solution, the
co-precipitation of phosphate remained of paramount im-
portance to understand the nature of these sites, which can
be considered the nucleation sites of a La phosphate (LaP)
mineral,

The nucleation sites of LaP mineral were dual: dense
matrix vesicles and focal filament aggregates. The dense
MV is a specific type of MV which reveals an intrinsic
capacity to precipitate intravesicular LaP mineral. This ca-
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pacity, which is already present as soon as dense MVs bud
from chondrocyte outer membrane, might depend on the
presence in them of nucleational ACP core [6, 7]. The dense
MVs might be those reported as having the property of both
concentrating calcium ions and providing phosphate ions
through the alkaline phosphatase activity [8]. However, in
this case, the LaP stoichiometry would probably be variable,
depending on the amounts of P liberated by AP; the ratio
La:P = 2:1 suggests that Pi might derive directly from chon-
drocytes [9, 10]. In this regard, it has been shown that there
are markedly elevated levels of [Ca®*],. in the cortical zone
of the chondrocytes, and that this Ca is periodically exfoli-
ated with MVs released from the chondrocytes into the ma-
trix [11]. Because Pi is also involved in dynamic cellular
metabolism, the MV's might have high concentration of both
elements, so that after La incubation they might appear as
dense MVs.

The light MVs are other MVs which seem to lack nu-
cleating capacity. They were not seen in proximity of hy-
pertrophic chondrocytes and were only present in interter-
ritorial matrix. This suggests that they are formed either in
the proliferative or maturative zones. The light MVs might
correspond to MVs devoid of AP activity [12, 13]. Another
possibility is that they do not react with La because they
have lost their Ca and P ions. This possibility is suggested
by results of Warner et al. [14] on ALP-rich MVs isolated
by Percoll density-gradient fractionation from different re-
gions of the growth cartilage: the MVs were separated into
a low-density, noncalcifiable fraction (P-I fraction), and a
high-density, readily calcifiable fraction (P-II fraction); dur-
ing incubation in synthetic lymph to induce mineral forma-
tion, the P-II fraction separated into two ALP-rich fractions,
one of increased density, another of the same low density as
that of P-I fraction. The conclusion is that MVs are hetero-
geneous in functional capacities regarding mineral nucle-
ation, and that the hypertrophic chondrocytes produce a
specific type of mineralizing MV.

The second nucleation site described is the focal filament
aggregate. The histochemical characteristics of these aggre-
gates and their S content suggest that they are focal con-
centrations of proteoglycans. In this context, similar proteo-
glycan aggregates were found in the epiphyseal cartilage by
chemical fixation with cationic dyes [15], and by cytochem-
ical study using high-iron-diamine thiocarbohydrazide-
silver-proteinate [16]. How the proteoglycans were focally
concentrated is not known, but the proteolytic degradation
of proteoglycans by a neutral protease [17], the presence in
MVs of metalloproteinases [18], and the intimate relation-
ship with light MVs depicted in this study suggest a link. On
the other hand, the filament aggregates might have hetero-
geneous composition and, besides proteoglycans, they
might contain other components such as phospholipids, the
C-propeptide of type II collagen (chondrocalcin), type X
collagen [19], and other substances. Concentration of chon-
drocalcin can be found in calcifying focal sites in the lower
hypertrophic zone [19]; filamentous mats of type-X colla-
gen can be found in cartilage matrix [20, 21]. Both chon-
drocalcin and type X collagen aggregates resemble focal
filament aggregates; both are Ca-binding proteins [19, 22].
Type X collagen also binds to MVs [23, 24] and link protein
and hyaluronic acid-binding region of proteoglycans that
are also bound to MVs [25]. These findings suggest that the
focal filament aggregates might contain not only proteogly-
cans, but also chondrocalcin and type-X collagen. Obvi-
ously, the simple morphological similarity of these struc-
tures does not resolve the question of the nature of the
filaments.

The appearance of LaP mineral deposits within the focal
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filament aggregates requires two steps. Before precipitation
of LaP mineral, a focal concentration of La is contained in
these structures in the upper hypertrophic zone where they
are first seen. The La was not detected in ‘‘unstained”
ultrathin sections, but correlated studies on the ‘‘unstained’’
flat block surface with BSE-SEM showed a “‘cloud”” BSE
signal in the same position as that of La deposits in stained
sections. X-ray microanalysis confirmed that the BSE signal
originates from La. The acquisition of La-binding capacities
by the focal filament aggregates may reflect the calcium-
binding properties attributed to focal concentrations of pro-
teoglycans [19, 26]. How the complex La focal filament
aggregates precipitate LaP mineral is not known. The ultra-
structural findings suggest the participation of ‘‘crystal
ghosts’’ as in early calcification sites [27-29]. The organic
filamentous structures which constitute the focal filament
aggregates might be the equivalent of the Ca-binding crystal
ghosts found in calcification nodules of cartilage [28-30]. It
is of interest that both the crystal ghosts and the filaments of
the focal aggregates correspond to acid proteoglycans [28—
30].
With regard to the supply of phosphate ions, biochemical
studies correlated with X-ray microanalysis and histological
studies, show that the hypertrophic cartilage contains large
amounts of organic and high AP activity [31]. So it is pos-
sible that the P which co-precipitated with La within the
focal filament aggregate is provided by the AP activity from
native organic P substrates during the incubation period. In
this context, the Ca®*-binding glycoprotein AP has been
detected by cytochemical and immunocytochemical meth-
ods in early cartilage calcification sites [8, 32]; moreover,
this AP interacts in vitro with proteoglycan subunits in
epiphyseal cartilage [33]. Therefore, the coupled actions of
La binding to focal concentrations of proteoglycans and
phosphate production by AP activity might be necessary for
the nucleation of LaP mineral. However, the development
of LaP deposits from MVs cannot be excluded: no serial
sections were made to discover the presence of MVs in the
proximity of the deposits.

After initial appearance of LaP mineral within the focal
filament aggregates and dense matrix vesicles, a bulk phase
seems to ensue from the different nuclei. The bulk phase
was evident in the lowest hypertrophic zone, where the
territorial and interterritorial matrices were almost com-
pletely filled with LaP mineral deposits. The existence of
dense MVs within the focal filament aggregates suggests
that dense MVs provided extra nuclei.

In conclusion, the descriptive ultrastructural and X-ray
microanalytical study suggests that, before the beginning of
the calcification process, the La incubation method detects
the matrix Ca binding components (which link La ions) and
the matrix calcification initiation sites (which cause focal
precipitation of LaP mineral).
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