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Abstract

Cerny H.: Degradation of the Cartilage by Mononuclear Cells in the Course of
Ossification. Acta vet. Brno, 53, 1984: 3—17.

Morphology of the destructive phase of endochondral ossification was studied
in the metaphyseal rim of the growth cartilage of the tuber coxae using 17 bovine
individuals from 241 d fetal age to 3.5 yr. The material was routinely processed for
electron microscopy.

Our attention was focused on the role of the mononuclear cell in the process of
degradation of the cartilaginous model in the course of ontogenetic development.

The electron-microscopic picture showing the cellular effects on the mineralized
ground substance revealed endothelial cells of the penetrating blood capillaries,
pericapillary clastic cells and free macrophages of hematogenic origin interposed
between the wall of blood capillaries and ground substance of the cartilage partici-
pating in this process in the course of capillary invasion. In cattle, mononuclear clastic
cells play a major role in destruction of the cartilaginous model being located in
the erosion line and in the osteoid zone.

In the course of ontogenetic development the numbers of the individual - cell
types are changing. Whereas in the prenatal period capillary resorption and activity
of pericapillary cells prevail, in the postnatal period of ossification free blood macro-
phages form the majority of cells involved.

Attacking of the mineralized ground substance by mononuclear clastic cells results.
in its degradation consisting of solubilization, fragmentation, phagocytosis and
combined resorption.

Degradation of the cartilaginous model connected with resorption of the ground
substance is a complex process. It is the result of cells effect on the cartilage during
which several mechanisms are operating simultaneously. The most effective
mechanism of degradation is fragmentation resulting in substantial enlargement
of the active surface.

Larger fragments undergo further fermentation. These fragments are solubilized
from the periphery of the ground substance to the centre and the smallest fragments.
are phagocytized by the macrophages. The final effect of cellular activity is complete
solubilization of the ground substance and its resorption from the pericapillary space.

Cattle, ontogenesis, ossification, degradation of the cartilage, resorption, mononuclear cell.

Effects exerted by mononuclear cells on mineralized cartilage matrix have received rather limited
attention in literature.

As early as 1970 Irving and Heeley suggested that two different cell types participate in the
osteoclastic resorption. Using an autoradiographic method with ®H-proline-labelling for organic
structures they demonstrated that non-labelled inorganic material was phagocytized by osteoclasts
whereas the labelled organic material was destroyed by mononuclear cells. These data seem to
indicate that osteoclasts cannot destroy the organic matrix.



It follows from these findings that the osteoclastic resorption is a two-phase process during
which mineral substances are resorbed by osteoclasts without degradation of the organic substance.
Both processes are clearly distinguished (Schofield et al. 1974).

Primary degradation of inorganic substance has been assumed in papers describing the two-
-phase resorption process (Irving and Heeley 1970; Schofield et al. 1974; Heersche 1978).
On the other hand, in view of Scott and Pease (1956) and Dudley and Spiro (1961), the pri-
mary phase is that of the organic matrix degradation. In the opinion of Cameron and Robinson
{1958) both organic and mineral components are attacked simultaneously.

The two-phase resorption theory with several cell types involved reoccurred with Heersche
(1978). The osteoclastic resorption causes solubilization of the inorganic substance, degradation
of the non-collagen structures and finally of collagen fibrils. Interestingly, in no case collagen fibrils
have been detected in the contents of cytoplasmic vacuoles of the osteoclasts indicating that they
are degraded extracellularly. Extracellular lysis of collagen has been often ascribed to cell elements
with phagocytic properties. According to the theory by the above-mentioned author, two cell types
participate in the process. The onset of resorption is initiated by osteoclasts causing demineraliza-
tion of the resorptive zone and degradation of non-collagen components of the bone matrix. As
soon as this is finished the osteoclast leaves the altered matrix by active movement and collagen
fibrils are phagocytized by mononuclear cells, derivatives of fibroblasts or monocytes.

The above-mentioned description indicates that the osteoclastic resorption proper is composed
of two clearly separated phases that are under precise endocrine control.

As shown by Rasmussen and Bordier (1974), the mononuclear cells are often located in close
vicinity of osteoclasts. Mononuclear cells may be represented by macrophages (Horn 1979;
Chambers 1981; Cerny 1982) or fibroblast elements (Garant 1976).

Mundy et al. (1977) have shown that resorption of mineralized tissue exerts a chemotactic
effect on monocytes. Macrophages and fibroblasts belong among the cell elements that are able
to phagocytize and degrade collagen as demonstrated by findings of small vesicles in the cytoplasm
of macrophages containg collagen.

Garant (1976) investigated the mutual relations between fibroblasts and osteoclasts in the course
of bone resorption on electron-microscopic level. During resorption, conspicuous structural changes
occur in the cytoplasm of the fibroblasts in close contact to an osteoclast. In the cell, collagen fibrils
occur attached to lysosomes. This serves to demonstrate that collagen is phagocytized from the
extracellular space by fibroblasts.

Other mononuclar cells capable to resorb the ground substance of the cartilage are the endothelial
cells of the penetrating blood capillaries eroding the cartilage and enabling thus invasion of capil-
laries (Cameron 1961). Activity of endothelial cells and their role in solubilization of the cartilage in
ossification has been also shown by Brookes and Landon (1964), Trueta and Little (1960)
and Lester and Ash (1981).

As the population of clastic cells is composed of several cell types, the result of their activity —
the resorption takes place in several different forms. There is not a process uniform in character
but a result of a complex, accurately regulated development. The review of relevant literature
shows that the cells causing degradation of the mineralized cartilage matrix are not only multinuclear
elements but also mononuclear cells like macrophages, endothelial cells and, finally, osteocytes
the activity of which is sometimes called osteolysis (Bélanger 1969; Jande and Bélanger 1971,
1973; Horn 1979; Horn and Dvoiak 1980).

Materials and Methods

Ossification was studied on metaphyseal rim of the growth cartilage from the tuber coxae
of 6 bovine fetuses aged 246-271 d, 6 calves aged 65-82 d, and 5 adult cattle aged 3 and 3.5 years
(3 individuals aged 3 years, 2 individuals aged 3.5 years).

The material was collected from 3 main sites: from the metaphyseal area of the growth cartilage,
from the erosion line between the cartilage and bone, and from the osteoid zone (5 samples from
each site).

For electron microscopic study the samples were fixed in 400 mmol/l glutaraldehyde in 100mmol/1
phosphate buffer, pH 7.4 for 4 h, decalcified in 100 mmol/l EDTA with 400 mmol/l glutaraldehyde
for 12— 14 h. The samples were then washed in four rinses of 100 mmol/l phosphate buffer, pH 7.4
and postfixed with 40 mmol/l OsO* in 100 mmol/l phosphate buffer, pH 7.4 for 1 h. After dehydra-
tion in graded acetone series the samples were embedded in Durcupan ACM and polymerized
at 60 °C for 3 d. All procedures were carried out at room temperature.

Semithin and ultrathin sections were cut on an ultramicrotome Tesla BS 490 and Ultracut
Reichert.

Ultrathin sections were double stained on supporting greeds (Mesh 100) using a combined method
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(uranyl acetate and lead citrate) after Reynolds and viewed and photographed with a Tesla BS 613
and BS 500 electron microscopes.

Semithin sections were stained with warm solutions of 1 % methylene blue in 1 9, borax and
1 9% aqueous solution of Azur II 1:1 for 1 minute.

Electron micrographs were made using ORWO — EU 2 6.5 x 9 cm plates.

Results

Resorption of the cartilaginous model

Degradation of the ground substance of the cartilage occurs in the line of erosion
and in the osteoid zone of endochondral ossification through chondroclastic acti-
vity of cells. The mineral matrix is attacked by cell elements causing lysis of the
ground substance or often its fragmentation. The degradation proper is a result of
remarkable phagocytic and resorptive activities of mononuclear and multinuclear
clastic cells. Among mononuclear cells, the following participate in degradation
of the ground substance of cartilage:

1. Endothelial cells of the penetrating blood capillaries
2. Mononuclear pericapillary cells (pericapillary macrophages)
3. Macrophages of hematogenic origin.

1. Endothelial cells

The endothelial cells of sinusoid blood capillaries are interconnected by thin
cytoplasmic projections. These vessels are characterized by impaired integrity of
capillary wall resulting in disconnection of cytoplasmic projecticns of the endo-
thelial cells. The blood plasma flows into pericapillar space where also free ery-
throcytes may be encountered.

As the sinusoid capillaries have no basement membrane the cytoplasmic mem-
brane of endothelial cells on their basal surface is in direct contact with the mine-
ralized ground substance of cartilage (Fig. 3, 4).

The endothelial cells have a,relatively large oval nucleus situated centrally
or eccentrically near to one cell pole. The nuclear chromatin is condensed near
the nuclear envelope which is slightly waved in some cells (Fig. 3).

In cytoplasm of the endothelial cells inconspicuous areas composed of granular
endoplasmic reticulum formed by flat cisterns may be seen (Fig. 3 and 4). Among
these cisterns free ribosomes are present often as polysomes. Mitochondria are
mostly round or oval and are irregularly disseminated in the cytoplasm.

Important organelles in the endothelial cell are numerous lysosomes of different
densities indicating cell activity in destruction of the ground matrix (Fig. 3).
Often phagosomes are the dominant finding in the cytoplasm. They are enveloped
by a thin membrane and their contents are formed by finely granular moderately
osmiophilic material and pseudomyelin structures (Fig. 4).

Near the luminal surface of the endothelial cell minute vesicles coated with
a smooth membrane are present in the cytoplasm. The cytoplasmic membrane
of the basement surface forms small cytoplasmic projections which are in direct
contanct with the ground substance of cartilage.

At the site of contact of the endothelial cell with the ground matrix of the
cartilage signs of attacking this substance by the endothelial cell are obvious.

Small cytoplasmic projections of the basal cell surface are in direct contact with
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the matrix only in smaller areas. Formation of narrow intermediary spaces bet-
ween the membrane and ground substance may be observed (Fig. 3). These spaces
are electron-transparent or filled with material of similar density as blood plasma
in capillary lumen. Through impaired capillary wall the blood plasma flows into the
space between endothelial cells and the cartilaginous ground substance and forms
here a suitable medium for the action of cell enzymes. At the contact site erosive
activity of endothelial cells is clearly visible. They dissolve the ground substance
which then undergoes conspicuous structural changes consisting of fenestration and
decrease in the amount of its substance. In the ground substance, minute electron-
-transparent islets occur. Some of them contain granular and fibrillar ma-
terial. Due to the resorptive cellular activity intermediary spaces are formed between
the cytoplasmic membrane and the ground substance appearing at sites of former
intimate contact of the cell with the mineralized matrix.

The resorptive margin of the ground substance is not lined with lamina limitans
composed of organic substance of the ground matrix. This indicates that the endo-
thelial cells attack both components of the ground substance of cartilage and destroy
both inorganic and organic substances simultaneously.

2. Pericapillary clastic cells

An important role in chondroclastic destruction of the cartilaginous model in
endochondral ossification of cattle in prenatal and postnatal periods is that of mo-
nonuclear pericapillary cellular elements. After destruction of the transverse septa
they accompany blood capillaries into the lacunar spaces and destroy the ground
substance of cartilage and the disintegrated hypertrophied chondrocytes.

In interposition between capillaries and the ground matrix of cartilage there is
abundant cellular material formed by mitotic activity of cells in pericapillary space
(Fig. 1). The pericapillary cellular elements arise above all through further differen-
tiation of less differentiated cells whose progenitors are the mesenchymal cells.
This fact is supported by frequently found mesenchymal cells in pericapillary
spaces in the osteoid zone of ossification. Together with penetrating blood vessels
they pass proximally towards lacunae and gradually differentiate into clastic and
blastic cell elements (Fig. 2).

The progenitor cells of the clastic mononuclear pericapillary cells are long, slim
cells apposed to the surface of the ground substance of the cartilage, designated
as preosteoclasts. Their round nucleus is usually located near one of the cell poles.
The nucleus contains mostly two nucleoli of reticular type. The cytoplasmic mem-
brane of the slim preosteoclast forms relatively short, conical projections directed
toward the ground substance. The cytoplasm is basophilic due to considerable
number of free ribosomes and polysomes.

Cell organelles and their differentiation show that the cell is less differentiated,
however, in contrast to the mesenchymal cell, it contains numerous lysosomes of
various sizes and contents. Lysosomes and small vesicles of the Golgi complex
may be mainly seen in the perinuclear area of the cell.

Scheme of degradation of the mineralized cartilage ground substance in the course of ossification
A — resorption, B — fragmentation, C — phagocytosis, D — resorption of the inorganic substance
with subsequent phagocytosis of the organic matrix, Oc — osteoclast, Ob — osteoblast, pc — peri-
capillary mononuclear cell, bm — blood macrophage, f — fragment of the ground substance, om —
organic matrix.



The presence of lysosomes in the cytoplasm of preosteoclast and the structural
picture of the ground substance at sites of contact indicates that attacking of the
mineralized ground substance of cartilage and the preosteoclast play an active
role in the chondroclastic destruction of cartilage. Enzymatic destruction is shown
by lysis of the ground substance.

Apart from preosteoclasts, in pericapillary space differentiated pericapillary mono-
nuclear cells exhibiting a remarkable clastic activity are present. Mononuclear
chondroclasts degrade the mineralized ground substance of the cartilage by enzy-
matic degradation, fragmentation and phagocytosis.

Clastic pericapillary cells (pericapillary macrophages) play a paramount role in
degradation of the ground substance of the cartilaginous model in cattle. They
may be seen in the erosion line where they accompany blood capillaries and to-
gether with them they invade the degenerated cartilage. Together with theendothelial
cells they participate in destruction of the transverse and longitudinal septa of
the ground substance of cartilage. After penetration into the lacunae they destroy
the lacunar area of the cartilage. In the erosion line they are interposed between
the capillary tips and ground substance and form the erosion front. After a break-
through of the last transverse septum they become the contents of open lacunae
together with free erythrocytes, blood plasma and disintegrated structures of
hypertrophied chondrocyte.

In the osteoid zone, clastic mononuclear cells appose to the surface of ground
substance trabeculae. In majority of cases a direct contact of the cytoplasmic mem-
brane with the ground matrix is formed. However, a narrow space filled with
plasma may be formed. The narrow extracellular space is often filled with free
erythrocytes placed between the cell surface and cartilage trabeculae.

Mononuclear clastic elements have phagocytic properties (Fig. 5) and, from the
functional point of view, we include them among macrophages.

As the cytoplasmic membrane forms numerous projections, the shapes of these
cells are extremely variable.

After penetrating into the lacuna, the long cytoplasmic projections pass in parallel
with the trabeculae of the ground substance, often accompanied by free erythro-
cytes. The blood plasma fills the lacunar space, forms the medium surrounding
the cell and the ground substance of the cartilage. In close vicinity of projections
small fragments of mineralized matrix and pseudomyelin structures may be seen
(Fig. 5). Some of the cytoplasmic projections of the pericapillary macrophages
form minute secondary plasmatic pseudopodia protruding into the ground sub-
stance. They segregate small particles from the trabecular surface and lacunar
walls and phagocytize them into the cytoplasm of the projections. Therefore in
the cytoplasm of these projections numerous phagosomes of different sizes and
shapes may be detected as well as minute phagocytized fragments of the ground
substance (Fig. 5). Cytoplasm of the cell projections contains numerous filaments
oriented along the longitudinal axis of the projection and supporting its cytoplasm
(Fig. 6). Among cell organelles, most frequently lysosomes in form of dense bodies
of various sizes are present. The cytoplasm further contains free ribosomes, mito-
chondria and vacuoles of various shapes filled with moderately osmiophilic ma-
terial.

In the cell cytoplasm a rather large portion is occupied by an oval nucleus. Its
nuclear envelope is smooth or slightly waved. The nuclear envelope of these cells
never formed deep invaginations. Clusters of heterochromatin are dispersed in
the nucleus but tend to condense near the nuclear membrane. Inside the nucleus
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usually one or two nucleoli of reticular type are present; less frequently compact
nucleoli may be encountered.

In the perinuclear area the well developed Golgi complex is present. It is
formed from the flat cisterns arranged in parallel and surrounded by a smooth
membrane. A conspicuous structure of the Golgi complex are the small vesicles
coated by a smooth membrane, scattered among cisterns and forming rather
large Golgi fields (Fig. 7).

Among the Golgi complex structures minute cisterns of granular endoplasmic
reticulum are visible. They pass the central part of the cell cytoplasm. Towards
the cytoplasmic membrane they tend to dilate slightly. Among the cisterns, free
ribosomes and numerous polysomes reaching the cortical layer of cytoplasm may
be found. The cortical layer does not contain other organelles except for free ribo-
somes, polysomes, dense bodies and singular cisterns of the granular endoplasmic
reticulum. The cortical granular cytoplasm turns into cytoplasm of cellular
projections (Fig. 7).

Mitochondria are irregularly scattered in the cytoplasm and they vary consider-
ably in size and shape. They often reach the cytoplasm of cellular projections.
Their centres appear frequently electron-transparent. The determinant struc-
tures of pericapillar macrophages are numerous lysosomes and dense bodies
with conspicuous central condensation of the dense substance (Fig. 8). Lysosomes
and dense bodies exhibit a considerable variability in shape, size and osmiophilic
properties of the substance. These structures are most frequent in cytoplasm
of the cellular projections attacking the ground substance of the cartilage.

Electron micrographs showing the clastic elements in the erosion line and
in the osteoid zone of ossification indicate that no intimate contact of the cyto-
plasmic membrane and the cartilage is necessary for degradation of the ground
substance. The cellular enzymes are excreted by the pericapillary macrophages
into the space between the membrane and the ground substance which is thus
gradually destroyed. Degradation is morphologically indicated by dissolving or
fragmentation of the ground substance. In the extracellular space interposed bet-
ween the cytoplasmic membrane and ground substance, often minute vesicles
E:oated by a smooth membrane are visible. Their contents often leave the cell

Fig. 8).

3. Free macrophages of hematogenic origin

Functionally and morphologically important group of cells with conspicuous
phagocytic properties are the free macrophages of hematogenic origin. They
participate in phagocytosis of the ground substance of the cartilaginous model.
They phagocytize small fragments of the cartilage in pericapillary space or they
actively attack the ground substance of the cartilage, fragment it and phagocytize
its particles. They occur particularly in the erosion line and in the osteoid zone
of endochondral ossification.

After leaving the vascular bed, the macrophage assumes a slightly oval shape,
the cytoplasmic membrane forms small, inconspicuous projections. Remarkably
large, light nucleus fills a considerable portion of the cytoplasm. It is mostly
kidney-shaped with slightly waved nuclear envelope and invaginations only
suggested. The nucleus is poor in chromatin and contains a few smaller, mostly
compact nucleoli. Between the nucleus and cytoplasmic membrane a relatively
narrow perinuclear space is formed. In the cytoplasm, oval or slightly elongated
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mitochondria are present along with minute vesicles arranged in several areas,
larger vacuoles, granules and phagosomes.

After invading the pericapillary space in which free macrophages are present
in groups or as individual cells surrounded by erythrocytes and cellular pericapillary
material they approach the ground substance of the cartilage.

Attacking of the cartilage by macrophages begins as soon as in the first phase, i. e.
cell adhesion. Between the trabecular surface and cytoplasmic membrane small
particles of ground substance occur, and in their vicinity moderately osmiophilic
finely granular material of fibrillar material occurs as a product of the enzymatic
action upon the substrate (Fig. 11).

Due to the phagocytic activity of free macrophages the cytoplasmic membrane
forms small thin projections of plasmatic pseudopodia. The overall cell shape
is thus changing considerably and it differs from that found in macrophages
immediately after their migration from the vascular bed.

Plasmatic pseudopodia penetrate into the ground substance, segregate small
fragments from the trabecular surface. Through cytoplasmic connection of pseudo-
podia the fragments receive a smooth membrane before they are phagocytized
into the cell (Fig. 12).

Pseudopodia of the cytoplasmic membrane occur also on the cell surface which
is not in contact with the ground substance.

The cell centre is occupied by a large nucleus whose nuclear envelope is slightly
waved and forms conspicuous invaginations. In older cells, the nucleus is segment-
-ed and the individual segments are interconnected by nuclear bridges (Fig. 14).
Heterochromatin lumps are dispersed in nucleoplasm with more expressed con-
densation of heterochromatin near the nuclear envelope. In the nucleoplasm, usually
one nucleolus of the reticular or compact type is present.

In perinuclear cytoplasm, near the nuclear invagination, the Golgi complex
is situated (Fig. 12). In some cells it surrounds completely the nucleus and forms
conspicuous Golgi fields. The Golgi complex consists of parallel elongated cisterns
coated with a smooth membrane and vesicles of various sizes. Minute vesicles
covered with a smooth membrane and moderately dense material are mostly lo-
cated in the perinuclear area of the cytoplasm together with cisterns; larger vesicles
that can already be designated as smaller vacuoles, present on the other hand, are
in the peripheral cytoplasm. Some vacuoles contain dark material, others are
electron-transparent.

Macrophages phagocytize also intracellular material smaller fibrils and protein-
polysaccharide grains become the contents of phagosomes.

Mitochondria are relatively large, round or slightly elongated, their centres
are often electron-transparent.

In the cytoplasm of free blood macrophages numerous lysosomes are present
varying in shape and size. In close vicinity of the Golgi complex small vesicles
may be observed the sizes of which become the larger the nearer they are to the
cytoplasmic membrane. In several cells, however, in close contact with cisterns
of the Golgi complex, also larger lysosomes are visible. They contain material
of various densities, enveloped by a smooth membrane.

An inconspicuous cell organella is the granular endoplasmic reticulum forming
individual cisterns or minute tubulovesicular structures. Free ribosomes and po-
lysomes are present, too.

From the cellular surface numerous pseudopodia are projecting. Their cyto-
plasm has granular appearance and contains no conspicuous organelles. Only
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free ribosomes or polysomes and minute vesicular structures are the organelles
present in pseudopodia (Fig. 12). The morphological picture of cytoplasmic
pseudopodia suggests their function connected with the movement of the cell
during attacking of the ground substance. Pseudopodia differ in shapés and they
are adapted to the phagocytic activity of the cell (Fig. 13). Characteristic are large
phagosomes in the cytoplasm of free macrophages. Macrophages phagocytize
small fragments of the ground substance of cartilage (Fig. 14). Some phagosomes
contain granular, moderately osmiophilic material with subcellular membrane
structures of granular endoplasmic reticulum of the disintegrated hypertrophied
chondrocytes. This picture may be encountered mostly in macrophages invading
the lacunar spaces after destruction of the transverse septa (Fig. 15 and 16).

Large phagosomes are often located near the nucleus, at the site of a deep in-
vagination of nuclear envelope as shown in Fig. 14.

Mononuclear clastic elements including free blood macrophages are of para-
mount importance in resorption of the cartilaginous model in endochondral ossifi-
cation in cattle during both the prenatal and postnatal development. Free blood
macrophages are particularly important in postnatal ossification. As shown in
Fig. 15 and 16, they penetrate the lacunar space, get in cytoplasmic contact with the
hypertrophxed chondrocyte and participate in its phagocytosis including non-
-cellular intralacunar material. Therefore, in the cytoplasm of macrophages phago-
somes with various contents may be observed. Macrophages phagocytize fine
collagenous fibrils and dense granules, frequently found in lacunar contents.
Action of macrophages upon the ground substance results in its fragmentation,
dissolution of the inorganic substance (Fig. 17 and 18), disintegration of colla-
genous fibrils and their phagocytosis (Fig. 19 and 20).

Older phagosomes contain pseudomyelin structures resulting from cellular
activity.

Interaction between the cell and the mineralized matrix

Effects of the free macrophages upon mineralized ground substance of the carti-
lage makes itself felt as soon as during adhesion of the cell to its surface (Fig. 11).
Enzymatic activity results in degradation of the ground substance, often with for-
mation of small fragments that later undergo phagocytosis. In another case (Fig. 12
and 13), active penetration of plasmatic pseudopodia into the ground substance
may be encountered. Blood plasma becomes the tissue medium of macrophages
in the lacunar space or in pericapillary space of the osteoid zone of ossification.
Blood plasma also serves the transport of organic matrix and so enables its phago-
cytosis even if the macrophage is not in direct contact with the cartilage ground
substance (Fig. 15). Blood plasma as tissue medium is often interposed between
the cytoplasmic membrane and trabecular surface.

Important role of free macrophages is that played in destruction of cellular
elements. This destruction is accompanied by conspicuous structure disintegration
of these elements. Subcellular structures of hypertrophied chondrocytes in lacunar
space are further disintegrated and phagocytized by free macrophages. By action
of these clastic elements the ground substance of the cartilage and lacunar cell debris
is degraded. Likewise, noncellular intralacunar contents are phagocytized by free
blood macrophages as evident from their intracellular occurrence in the cytoplasm
of macrophages.
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By resorption of the cartilage ground substance complete degradation of some
longitudinal septa occurs with partial desctruction of transverse septa and phago-
cytosis of lacunar contents. Thus the intertrabecular spaces between the indivudal
trabeculae-become larger, and longitudinal enlargement of these spaces by inter-
connection of lacunae follows. The action of clastic mononuclear cellular ele-
ments forms the space necessary for the activity of osteoblastic cells during the
osteogenic phase proper.

The clastic and blastic functional interdependence is documented in Fig. 15:
the direct contact and attacking of the hypertrophied chondrocyte by a free blood
macrophage, the clastic activity of the pericapillary cell demonstrated by dissolution
and fragmentation of the ground substance, and, finally, an active secreting
osteoblast (Ob) starting to appose the osteoid matrix to the trabecular surface.
Differentiating collagenous fibrils interposed between the cell and trabecular
surface are clearly visible. They present the organic remains of the transverse septum.

This morphological picture shows the functional and time dependence of
both complex processes in the course of endochondral ossification, the clastic
and formative phases. By functional specialization involved in degradation and
phagocytosis of the ground mineralized matrix gradual differentiation of endow-
ment of macrophages with organelles occurs. The ultrastructural picture of young
cells in the lacunar space or in pericapillar spaces is morphologically simpler as
compared to the functionally active macrophages.

Ultrastructural differentiation of mononuclear cells

Blood macrophages may be distinguished from pericapillary mononuclear clastic
elements. Free blood macrophages have a large nucleus with characteristic deep
invaginations of the nuclear envelope. The nucleus of these cells is often segmented
and in the electron-microscopic field the individual segments are separated or
connected by nuclear substance. In general, it can be stated that the nucleus
is located in the centre unlike that of the pericapillary clastic cells in which it often
lies eccentrically near the cell pole.

The nucleus of pericapillary cells is round or slightly oval with mildly waved
nuclear envelope rather than conspicuous invaginations. In the cytoplasm of
free macrophages the Golgi complex is a prominent structure. It forms distinct,
in some cases circumnuclearly oriented cisterns and vesicles. With the Golgi
complex in pericapillary cells minute vesicular structures prevail.

In young free blood macrophages the granular endoplasmic reticulum is pre-
sent in small amounts and in the form of flat cisterns and vesicular structures
enclosed by a granular membrane. In older, functionally active cells the structures
of the granular endoplasmic reticulum increase in number and the cisterns dilate.
Granular endoplasmic reticulum is in these cells, however, much less abundant
than in the pericapillary cells.

Another characteristic ultrastructural feature of the pericapillary clastic elements
is the formation of long, fibrillar cytoplasmic projection. The cytoplasm in these
projections is finely granular and contains some organelles.

Plasmatic pseudopodia of free macrophages are shorter and often form second-
ary, small pseudopodia on the surface of the basic projection. The cytoplasm of
pseudopodia has granular appearance and usually contains no organelles.

Conspicuous presence of granular endoplasmic reticulum in the cytoplasm of
pericapillary clastic cells indicates further possible functions of these cells.
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Discussion

Resorption of the cartilaginous model is an integral part of the complex ossi-
fication process without which this model could not be gradually replaced by
bone tissue. In the destructive phase of ossification the vast area of mineralized
tissue must be degraded except for the remaining directional trabeculae serving
to support the formation of primary bone tissue in the osteogenic phase of ossi-
fication.

Interaction of the cells and ground substance results in destruction of the
ground mineralized substance of the cartilage.

The cells causing chondroclasia are designated as clastic elements and they
appear as mononuclear or multinuclear cells. In cattle dominant role in cartilage
resorption is played by mononuclear cells. These comprise endothelial cells from
the vascular walls of blood capillaries, mononuclear pericapillary cells and free
macrophages. Multinuclear cells are present in small numbers as compared to
the mononuclear ones.

Multinuclear cells are formed in areas characterized by intensive resorption
of the mineralized matrix. This results in impaired local mineral homeostasis;
the resorbed matrix cannot be disposed of by humoral ways. Therefore the multi-
nuclear cell becomes involved and transports the resorbed substances across the
cell from its resorptive pole to its basal pole and further into blood vessels.

Until recently the multinuclear cell had been regarded as the single cell type
capable of resorption. At present, the role of mononuclear cells in this process
has been much discussed. These cells, in our opinion, are of great functional
importance in the process.

Destruction of the cartilaginous model has been described in literature as re-
sorption. However, this process is functionally much more complex and resorption
is the final phase of cartilage destruction.

The cartilage attacked by mononuclear or multinuclear cells is further degraded
in the course of ossification at the following levels:

1) Solubilization of the inorganic substance.

2) Fragmentation of originally compact cartilage.

3) Phagocytosis of the fragments of the ground substance.

4) Phagocytosis of the organic matrix of the cartilage occurring after preceding
solubilization of the inorganic and non-collagenous substances.

It is obvious that resorption is a functionally complex process in the course
of which several mechanism are operating at the same time.

Direct contact of the cell and cartilage ground matrix is not a prerequisite for
the action of the cell. Degradation of the cartilage also proceeds with a narrow
intermediary space between the cytoplasm and cartilage surface. This indicates
that the prevailing portion of the cartilage is being destroyed by its solubilization
as pointed out by Lester and Ash (1981). Solubilization of the ground substance
takes place with vessel resorption by action of the endothelial cells but also in
case of cellular resorption by clastic elements of the pericapillary space. Their
cytoplasmic projection penetrate the cartilage, dissolve it ans cause its fragmen-
tation. Cytoplasm of these projections contains numerous lysosomes, phagosome
and polysomes. In some cases we observed the presence of nuclear mass in the
cytoplasmic projections, a finding described also by Horn and Dvotdk (1980).
The cells of this type are able to phagocytize small fragments of the cartilage
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ground substance. Among other cells exhibiting the clastic effect on the cartilage
and causing its fragmentation are free blood macrophages acting above all during
the postnatal phases of ossification. Nevertheless, their role in fetal ossification
is important. After adhering to the cartilage they attack the ground substance by
small plasmatic pseudopodia, cause its fragmentation and phagocytize the indi-
vidual fragments. These contain both organic and inorganic substance of the mi-
neralized cartilage and they become the contents of numerous phagosomes in
the cytoplasm of macrophages.

Smaller fragments are phagocytized directly, the larger ones are liberated into
the pericapillary space where they are further attacked by clastic cells. The frag-
ments are either solubilized from the surface towards the centre by enzyme acti-
vity or fragmented into smaller units. They are completely removed from the
pericapillary space by total solubilization or phagocytosis.

The ultrastructure of clastic mononuclear elements present in the pericapillary
space enables their exact discrimination.

An important discriminating sign is the shape of the nucleus. That of the peri-
capillary cells is round, the nuclear envelope is straight or only slightly waved
and does not form invaginations. On the contrary, the nucleus of a macrophage
of hematogenic origin is characterized by deep invaginations of the nuclear
envelope. The endowment with organelles differs considerably in these two cell
types. Pericapillary cells contain a well developed granular endoplasmic reticulum,
the Golgi complex occupies a considerable portion of perinuclear area and mostly
consists of vesicular structures of various sizes.

On the other hand, macrophages contain only single cisterns of the granular
endoplasmic reticulum. The Golgi complex consists of in parallel coursing thin
cisterns, sometimes forming large circumnuclear Golgi fields. The cytoplasm
contains vesicles of various sizes enclosed by smooth membranes with contents
of various electron densities. Many vesicles appear electron-empty.

Both cell types are well endowed with lysosomes. In the cytoplasm of peri-
capillar clastic cell dense bodies containing dense material with central conden-
sation are prominent.

The last type of cartilage resorption observed in our electron-microscopic
study of the osteoid zone was phagocytosis of the organic matrix proper. By
solubilization of the inorganic and non-collagenous components of the cartilage,
the dense lamina limitans appears on the surface of trabeculae (Scherft 1977;
Smith et al. 1974). It is composed of uniform collagen fibrils with conspicuous
transverse periodicity. This type of resorption comprises two distinct phases; in
the first phase, by cellular action the inorganic substance is destroyed. In the
second, the collagen fibrils are phagocytized by macrophages.

A new hypothesis of osteoclastic resorption has been presented by Heersche
(1978) describing the sequence of processes as follows: solubilization of the inor-
ganic substance, degradation of non-collagen structures, and, finally, resorption
of collagen fibres. In this type of resorption two cell types participate. The pro-
cess is initiated by osteoclasts resorbing the inorganic and non-collagen substances.
Collagen fibrils are phagocytized by mononuclear cells originating from fibroblasts
or monocytes. Heersche (1978) finds support in the fact that no collagen fibrils
have been detected in the contents of cytoplasmic vacuoles of the osteoclast.
This seems to indicate that collagen fibrils undergo degradation extracellularly
through a different cell type. In our material this type of resorption was observed
in the osteoid zone of cartilage. Apart from separated collagen fibrils we often
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found also minute fragments of the ground substance in their close vicinity.
This findings serve to demonstrate clearly several types of destruction acting
simultaneously. Nevertheless, the combined type of cartilage resorption is not
very frequent as compared to solubilization, fragmentation and phagocytosis.

In the course of ossification a large amount of mineralized ground substance
must be degraded. We observed fragmentation to be one of the most frequent
modes of cellular action upon the cartilage ground substance enabling an intensive
destruction of the cartilaginous model. Fragments separated from the originally
compact cartilage, liberated into the pericapillary space enlarge considerably the
overall active surface of the cartilage upon which then the clastic cells exert their
effects. Enlargement of the overall active surface of the cartilage is accompanied
by increased resorptive activity.

Although solubilization of the cartilage ground substance is the main mode
of its degradation, phagocytic activity of the cells is important, too. A considerable
amount of cartilage is destroyed by phagocytic activity of macrophages.

Intensity of the process in the destructive phase is dependent upon interaction
of cellular elements and mineralized matrix. Fragmentation is one of the most
efficient mechanisms determining the intensity of degradation of the cartilage.
Efficient action of other mechanisms on these fragments results in complete
removal of the cartilage from the pericapillary space.

Degradace chrupavky mononuklearni buiikou v osifikaci

Na metafysarnim okraji rustové chrupavky kycelniho hrbolu u skotu jsme u 17
jedinct ve v€ku 241 dni fetdlniho véku az do stifi 3,5 roku sledovali v obraze
elektronového mikroskopu morfologicky obraz destruktivni fize enchondréilni
osifikace. Materidl byl zpracovan obvyklym zpilsobem pro potfebu elektronové
mikroskopie.

Zam¢fili jsme se pfedevsim na tlohu mononukledrni butiky v procesu degra-
dace chrupav¢itého modelu z hlediska ontogenetického vyvoje.

Elektronové mikroskopicky obraz zachycujici celuldrni pisobeni na zékladni
mineralizovanou matrix ukazal, Ze na tomto procesu se podileji v pribéhu kapi-
larni invaze endotelové buiiky penetrujicich krevnich kapilr, perikapilarni klas-
tické builky a volné makrofagy hematogenniho piivodu, nachazejici se v inter-
posici mezi sténou krevnich kapildr a zdkladni hmotou chrupavky. U skotu maji
mononukledrni klastické buniky predominantni vyznam pro destrukci chrupavci-
tého modelu a topograficky se uplatiiuji v linii erose a v osteoidni z6né.

V prubéhu ontogenetického vyvoje se zastoupeni jednotlivych typt bunék
méni. Jestlize v prenatdlnim obdobi prevlada kapilarni resorpce spolu s ptisobe-
nim perikapildrnich bunék, pak v obdobi postnatalni osifikace nabyvaji pievahu
volné makrofigy krevni.

Atakovanim zdkladni mineralizované matrix mononuklearnimi buiikami klas-
tického typu dochazi k jeji degradaci na téchto urovnich: solubilizaci, fragmentaci,
fagocytosou a kombinovanou resorpci.

Degradace chrupavcitého modelu spojend s resorpci zakladni matrix je sloZity
proces, ktery je vysledkem bunéfného pusobeni na chrupavku, v jehoZ priabéhu
se uplatiiuje vice mechanisml soucasné. Nejucinnéjsim mechanismem degradace
je fragmentace, kterd mé za ndsledek vyrazné zvétSeni aktivniho povrchu.

Rozmérnéjsi fragmenty jsou opétovné fragmentoviny na mensi, pfiCemZ po-
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zorujeme soucasné solubilizaci zékladni hmoty od povrchu k centru, nejmensi
fragmenty jsou fagocytovany makrofigy. Konecnym efektem bunééného ptsobeni
na zakladni matrix je jeji iplnd solubilizace a resorpce z perikapilarniho prostoru.

Herpaganus Xpsuma omHOANEPHOH KIETKOH B occudmkanuu

Ha meradusapHOM Kpae pOCTOBOrO Xpsllla MaKJOKa y KPYIHOTO pOTaToro
ckora y 17 sxuBorHEIXx — 241 cyTrku sapopnslmeBoro Bospacra 1o 3,5 roma —
HaMy{ IIPOBOIUJNCH MCCIECHOBAHUSA B M300pa)KEHUM SJIEKTPOHHOTO MHUKpPOCKOIIA
MOpPQOJIOTHUECKOH KapTHUHEBI NECTPYKTUBHOH $askl SHXOHIpaJbHOU occuduKamuu.
Marepuan obpabaTeiBaiu OOBIYHEIM CHOCOGOM HJIsI HOTPEOGHOCTEH 3JIEKTPOHHOMN
MUKpPOCKOIUH.

Buumanue 6blI0 HampaBIeHO IIpEXAe BCETO Ha POJb OTHOANEPHOH KIETKH
B IIpollecce Aerpajalliy XpANIeBaTOH MONEJIN C TOYKM 3PEHUA OHTOTEHETMHUECKOTO
pa3BUTHA.

DJIEKTPOHHO-MUKPOCKONMMYECKoe K306pa’keHue, OTpakaiomjee KJIETOYHOE BO3-
IeficTBME Ha OCHOBHOM MHWHEPAJIN30BaHHBIM POCTKOBBIM CJIOH, IOKA3aJI0, YTO
B NaHHOM IIpoIlecce B XON€ KaNWJIIAPHON HMHBA3WM IPUHUMAIOT y4acTHe SHIOTe-
JIMabHBEIE KJIETKM IEHETPHUPYIOUINX KPOBEHOCHBIX KaIWJIAD, MEePUKANMHJJIAPHEIE
KJacTuuecKue KJIeTKH M CBOGOIHBIE MaKpoparu reMaTOT€HHOTO TPOMCXOKIEHUS,
HaXOIANIKMECS B MHTIEPIOSULIMK MEXIY CTEHKONM KPOBEHOCHEIX KAIWJLIAD ¥ OCHOB-
HOM Maccoit xpsma. OpHOsiZepHBIE KJacTUdecKHe KJIETKH y KpPYIHOTO pOTraToro
CKOTa MMeEOT mpeobianaioliee SHadYeHUe IJA AECTPYKIMHM XpAINIEBaTOX MO
u TomorpaduuecKy MMeET MeCTO B JMHUM dPO3HMM M B OCTEOMIHOM 30HE.

B xome OHTOTEHETHYECKOTO pAas3BUTUA MPENCTABUTENLCTBO OTHEJIBHBIX THIIOB
KJIETOK MeHsercsa. Eciu npeobuapjaiomieil B INpeHATaJbHBIH IIEPUOIN ABJIACTCA
KanujjsipHas pe3op6us COBMECTHO C BO3NEHCTBHEM INEPUKANUJIIADHBIX KIETOK,
TO B NOCTHATAJBHBIA Iepuon occudukanuu IpeobrafaroluMy CT2HOBATCI CBO-
6onHble Makpodaru KpOBHU.

Arakoil OCHOBHOM MHHEpPaJMU30BAHHON pPOCTKOBOH 30HBI ONHOSNEPHBIMH KJeT-
KaMy KJACTHYECKOTO THIAa IIPOMCXONUT €€ Aerpajalusg Ha CAeAyOLNIMX ypOBHIX:
KOJLIOMIHBIM pacTBOpeHMeM, pparMeHTaiuel, ¢aronmurozoM u KOMGHHHPOBAHHOMN
pesopbineii.

Herpanmanusa xpAmeBaTod MoOIead, CBA3aHHAsI C pe30pOLueil OCHOBHOH pOCTKO-
BOM 30HBI ABJIAETCA CJOXHBIM IIPOIIECCOM B Pe3yJbTaTe KJIETOYHOTO BO3NEHCTBUS
Ha XpAll, B T€YeHHE KOTOPOTO MMEET MECTO ONHOBPEMEHHOE BO3MEHCTBHE HECKOJb-
Kux MexaHu3MoB. CaMbiM 5QPeKTUBHEIM MeXaHW3MOM [eTpajaliiy ABJSICTCS
dparmMeHTan U, BHIIMBAIONIAsCA B BBHIpA3UTEJbHOE yBeJIWYEHNEe aKTUBHOHA IIO-
BEpPXHOCTH.

Bosnee pasmepHele dparMenTs BHOBb $parMeHTHUPYIOTCA Ha Gosee Mejaxue, Ipu
9TOM OJHOBpPEMEHHO HabiioIaeTcs KOJJIOMITHOE DPacTBOPEHME OCHOBHOW Macchl OT
IIOBEeLXHOCTH K LIEHTPY, caMble MajleHbKue $parMeHTHl GaroruTHpPOBAHBI MaKpo-
paramu. KoneunoiM >dPeKTOM KIETOUHOIO BO3NEHCIBUSA HAa OCHOBHYIO POCTKOBYIO
30Hy ABJISETCS ee NOJHOe pacTBOpeHHe u pe3opbnud us NepUKaluJIAPHOTO IIPO-
CTPaHCTBA.



Fig. 1. With invasion of capillaries cells inhabiting wide pericapillary space penetrate into the carti-
lage. Between the cells numerous free erythrocytes (e) may be seen; some of them together with
blood plasma fill the lacunae. Clastic mononuclear cells are represented by pericapillary cells (Pc)
and free blood macrophages (Mf) inhabiting the space between the blood vessels (bc) and ground
substance (gs). Fetus, 271 d, semithin section, X 650.

Fig. 2. Topography of cellular elements apposed to the surface of a directional trabecula. In the
upper portion of the electron micrograph clastic mononuclear cells (Oc) are resorbing the surface
of the ground substance trabecula (gs). An osteoblastic cell (Ob) with abundant granular endoplas-
mic reticulum (E) the cisterns of which contain more dense synthesized material, is apposed to the
bottom margin of the trabecula. On the right of the osteoblast, a differentiating pericapillary cell (Pc)
is visible, on the extreme right, endothelial cell (Ec) of the capillary wall with erythrocytes (e).
Calf, 82 d, x 12 700.

Fig. 3. In degradation of the ground substance (gs) of the cartilage endothelial cells participate.
Their basal margin is in direct contact with the ground matrix. At their luminal aspect erythrocytes
(e) are present. The slightly oval nucleus (N) is located centrally; in the cytoplasm mitochondria
are present (M), further cisterns of the granular endoplasmic reticulum (E), free ribosomes in the
form of polysomes (P) and conspicuous lysosomes (L). The morphological picture of the ground
substance (gs) indicates a remarkable degradation of its structure.

Calf, 82 d, x 25 000.

Fig. 4. The relationship of the cytoplasmic membrane of the basement margin of the endothelial
cell and the ground substance of the cartilage (gs) is either direct or through the intermediary space
(Is) which may be filled with finely granular, moderately osmiopbilic material. The same material
forms the contents of larger phagosomes (Ph) in the cytoplasm of the endothelial cell. In some
phagosomes pseudomyelin structures (<-) may be observed. The endowment with organelles is
accomplished by mitochondria (M), granular endoplasmic reticulum (E), lysosomes (L) and poly-
somes (P). Near the basal margin minute vesicular structures are conspicuous (V).

Calf, 82 d, x 35 000.

Fig. 5. Pericapillary cells fragmenting the ground substance (gs) of the cartilage by their cytoplasmic
projections (cp). In the lacunar space (Ic) also subcellular fractions (<-) may be encountered.
They are remains after a total disintegration of chondrocyte structures. Frequently also pseudomye-
lin structures may be seen (<-). The cytoplasm contains numerous large phagosomes (Ph). Free
erythrocytes (e) together with cells enter the lacunar space (1c).

Fetus, 246 d, x 98 000.

Fig. 6. Cytoplasmic projections coursing in all directions in the lacunar space (Ic) form a meshwork.
The electron micrograph shows a longitudinal and transverse sections of a projection (cp). The
cytoplasm of the projection contains numerous lysosomes (L), free ribosomes in the form of poly-
somes (P) and less clear filaments. Fetus, 246 d x 21 400.

Fig. 7. An osteoprogenitor cell with clastic function causing solubilization and fragmentation of
the ground substance (gs) of the cartilage. At the site of apposition to trabecular surface, cytoplasmic
projections (cp) may be seen. Their cytoplasm contains dense granules (<-). Eccentric nucleus (N)
contains 2 nucleoli (nc). In the cytoplasm, rich Golgi complex (G), granular endoplasmic reticulum
(E), mitochondria (M) and dense granules are present.

Fetus, 246 d, x 8 500.

Fig. 8. Cellular activity results in degradation of the cartilaginous model in the osteoid zone. A mono-
nuclear clastic cell causes solubilization and fragmentation of the ground substance (gs). Cytoplas-
mic projections (cp) are attacking the ground substance. Besides the above-mentioned organelles the
cytoplasm contains conspicuous dense bodies (db) with a darker centre (<-). In the extracellular
space, minute vesicles (v) enveloped by a smooth membrane are visible. They contain moderately
osmiophilic material.

Fetus, 246 d, x 20 000.

Fig. 9. Free blood macrophages (Mf) participate in degradation of the cartilaginous model.
They are present in the intercellular space of the osteoid zone together with free erythrocytes (e).
Calf, 265 d, x 3 700.

Fig. 10. Beginning adhesion of a free macrophage (Mf) to the surface of a trabecula of the ground
substance (gs) of the cartilage. In close vicinity free erythrocytes (¢) may be seen.
Calf, 65 d, x 9 000.

Fig. 11. Ground substance of the cartilaginous model (gs) is attacked by a macrophage before
the adhesion proper. Minute vesicular structures (v) and ground substance with collagen fibrils
(<) serve to evidence that the ground substance is being solubilized. The nuclear envelope forms



conspicuous invaginations, the cytoplasm contains large mitochondria (M), usually with electron
empty centres. In perinuclear area, the Golgi complex is conspicuous (G), cytoplasm contains
somewhat smaller amount of granular endoplasmic reticulum (E) and vesicles (v) enveloped by a
smooth membrane. Lysosomes (L) and phagosomes (Ph) containing not only granular but also fibril-
lar (<) material.

Fetus, 246 d, x 10 500.

Fig. 12. Cytoplasmic pseudopodia penetrate into the ground substance, they segregate small
fragments (gs) which are then phagocytized by a macrophage. The Golgi complex (G) forms
large fields in the entire perinuclear area of cytoplasm. Some vesicles contain intravesicular inclu-
sions (<) with own membranes. On the surface of the cytoplasmic membrane extrusion of the
contents of vesicular structures (<) into the extracellular space towards the mineralized ground
substance may be observed.

Fetus, 246 d, x 9 000.

Fig. 13. Morphologically differring plasmatic pseudopodia of a macrophage penetrate into the
ground substance of the cartilage, separate the individual particles of the originally compact trabe-
cular surface. In the ground substance dense granules are visible (<-). The clastic activity of macro-
phages results in separation of substrate fragments into the extracellular space where they are
phagocytized or attacked by enzyme activity of clastic cell elements (<-).

Fetus, 246 d, x 16 000.

Fig. 14. Phagocytized fragments of the ground substance of the cartilage (gs) forming the contents
of a phagosome in the area of deep invagination of the nuclear envelope. A horseshoe-shaped
nucleus (N) with two nucleoli (nc) of reticular type is connected with another nuclear segment (N)
by nuclear mass. In the cytoplasm, free ribosomes in the form of polysomes are visible.

Fetus, 271 d, x 16 100.

Fig. 15. Free blood macrophages are functionally important especially in the postnatal period
of ossification in which they play a paramount role in degradation of the ground substance and
disintegrated structures of chondrocytes. After impairment of the transverse septum they are
in direct contact with degenerated hypertrophied chondrocyte (Hch). In the lacunar space blood
plasma (p) and remains of the microfibrillar network appear. Fine collagen fibrils (<) present re-
mains of the organic component of the transverse septum. By activity of macrophages fragments
of the ground substance are being removed (gs). Large phagosomes (Ph) in the cytoplasm with
granular material serve to support this finding. On the right hand side of the picture an osteoblast
(ODb) in initial secretory phase may be seen; it synthesizes the organic matrix and apposes it to the
trabecular surface.

Cattle, 3 yr, 8 500.

Fig. 16. A group of free blood macrophages (Mf) in intimate contract with a hypertrophied chond-
rocyte (Hch) in the cytoplasm of which numerous glycogen (g) granules are forming deposits.
Pseudopodia begin to penetrate into the chondrocyte and phagocytize cellular structures (<-).
Cattle, 3 yr, x 12 000.

Fig. 17. Agglomeration of mononuclear clastic cells apposed to the surface of a ground matrix
trabecula (gs). The trabeculae are covered with a dense lamina limitans (11) showing degradation of
the inorganic substance of the ground matrix of the cartilage. Collagen fibrils (<-) are visible be-
tween the cytoplasmic membrane and trabecular surface.

Calf, 65 d, x 6 000.

Fig. 18. A dense lamina limitans covering the trabecular surface is formed by collagen fibrils with
conspicuous transverse periodicity (<-). By cellular effects on the ground matrix (gs) solubilization
of the inorganic substance occurs followed by exposure of collagen fibrils. Small fragments of the
ground substance (gs) are formed and they separate from the compact mass of the trabecula. By
the clastic activity of cells not only superficial but also deeper portions of the trabecular ground
substance (gs) are attacked.

Fetus, 246, d, x 16 000.

Fig. 19. Trabecular surface of the ground substance (gs) of the cartilage is lined by organic matrix
composed of collagen fibrils (cf). These are phagocytized individually (<) by macrophages.
Calf, 65 d, x 12 000.

Fig. 20. Besides collagen fibrils (cf) minute fragments of the ground substance (gs) are phagocy-
tized by macrophages. This finding is a strong support of the fact that resorption of the organic
matrix takes place simultaneously with fragmentation of the ground substance of the cartilage.
Calf, 65 d, x 12 000.
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