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Abstract
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Articular cartilage of 15 and 19 foetuses of both sexes aged between 19 to 38 weeks
after fertilization was studied by transmission electron microscopy and scanning
electron microscopy, respectively. The specimens, obtained from indicated abor-
tions and spontaneous miscarriages, were processed by routine methods.

In the course of the development of articular cartilage, certain periods can be dis-
tinguished which clearly reflect the changes in the submicroscopic structure of its
individual components and in the forming of its surface. In the first ninety days, such
a period occurs between the 6th and 11th week after fertilization. Later, such periods
occur at the age of 19 to 20 weeks and 27 to 37 weeks after fertilization. The two latter
periods were the subject matter of our investigations.

Besides other changes, the period between the 19th and 20th week marks the appea-
rance of intracytoplasmic filaments in the cytoplasm of chondroblasts in the surface
and middle layers as an important differentiation sign, and in the 27th week the
chondral membrane first appears on the surface of the cartilage. In the period bet-
ween the 27th and 36th week of development, differentiation changes in chondroblasts
continue and, as a result, the cells attain characteristics of chondrocytes of adult carti-
lage. The fibrous component of intercellular substance becomes more abundant, so
that the differentiation between the pericellular and intercellular matrices, particu-
larly in the middle and deep layers, is quite clear.

Up to the 19th to 20th week of development, cartilaginous surface is very uneven.
Covered with a surface layer of intercellular matter, numerous chondroblasts extend
into the joint cavity. From the 27th week on, and particularly in the 37th week, there
is a decrease in the number of chondroblasts, which, before birth, form characteris-
tic cell pairs. The cells are set in depressions separated from the neighbouring area
with a groove. Depressions and grooves are the result of a collapsed pericellular matrix,
elevations rest on a sublayer of chondroblasts.

Ultrastructure, human articular cartilage, prenatal development

Articular cartilage if formed from the mesenchyme during the development of the skeleton as
a part of the cartilaginous blastema of the bone primordium, which is made into a definite bone
in the course of ossification. From developmental, microscopic and functional points of view,
articular cartilage is a part of the joint, which is in fact a specifically differentiated cleft originating
from the above-mentioned mesenchymal blastema. The cartilage thus formed is almost perfectly
adapted to perform its function in the organism’s locomotion. During ossification, the preformed
bone primordium is gradually removed. Articular cartilage is not affected by this process and re-
mains intact in the direction of the joint cavity (Bonucci 1967; Scherft 1972; Thyberg 1973 ab;
Ali1976; Anderson and Sajdera 1976; Felix and Fleisch 1976; Hanaoka 1976).
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:. The process of mesenchymal condensation into blastema takes place in an early stage of embryo-
genesis. According to Gardner and O’Rahilly (1968), e. g., femoral chondrification already be-
gins in the 6th week after ovulation, and in the 8 th week the primordium of the joint cavity first
appears (Stingl 1982). Simultaneously with this process, blood vessels grow into the cartilaginous
primordium from the perichondrium (Haines 1933; Hurrel 1934; Levene 1964; Lufti 1970,
Stockwell 1971; Agraval et al. 1984). They do not, however, penetrate to the region of the fu-
ture articular cartilage (Gray and Gardner 1969; Gardner and Gray 1970) and disappear
around the 10th week. Before the joint cavity is formed, a fairly large number of tiny cavities
appear in the mesenchyme in the contact area of the future articular surfaces of bones. Its formation
is assisted by the first muscles and ligaments in the joint region (Drachman and Sokoloff 1966)
and perhaps also the first movements (Glenister 1976). According to Godman et al. (1960),
Gould et al. (1974) and Levitt and Dorfman (1974), the cells attain their characteristic posi-
tions as a result of the continuing chondrification process. We should, however, add that all the
above-mentioned works deal with the question of the development of human articular cartilage
only marginally and limit themselves usually to general statements of well-khown facts.

That is why we have decided to give as comprehensive survey as possible of the ultrastructure
of cells and intercellular matter of human articular cartilage in the prenatal period, including data
on the formation of its surface. We mainly focused our attention on those periods which best reflect
the submicroscopic changes of individual components of articular cartilage resulting from its con-
tinuous differentiation.

Materials and Methods

To study the ultrastructure of articular cartilage in transmission electron microscopy we took
tissue specimens from the hip joint of 15 individuals of both sexes aged 19 to 38 weeks after fertiliza-
tion. The material was mostly obtained from indicated abortions and only individuals from later
stages were obtained from spontaneous miscarriages. Specimens were taken from the convexity
of the femure head, while in the case of earlier developmental stages the whole head was used.
Specimens were split into blocks of 1X1X2—3 mm and fixed immediately in 300 mmol/1 or
400 mmol/1 glutaraldehyde solution in phosphate buffer at pH 7.4 for four hours. For a subsequent
fixation, 40 mmol/1 solution of OsO, in phosphate buffer at pH 7,4 for 60 min was used. Routine
methods were used for the dehydration, immersion and embedding in Durcupan ACM. Tissue
sections were made on Ultracut Reichert ultramicrotome and stained with lead citrate or uranyla-
cetate and then lead citrate. The sections thus obtained were viewed and photographed under
Tesla BS 500 electron microscope. Semithin sections for light microscopy were stained with methy-
lene blue and Azur II.

For scanning electron microscopy of articular cartilage, specimen 5x 5 mm including a part
of the subchondral bone were taken from 19 foetuses. Prior to fixation, they were left for 15 min
in a 0.1 mg/ml hyaluronidase solution at 20 °C, or were washed for 3 x 15 min in saline. If hyalu-
ronidase was used, the specimens were washed in a saline for 3 X 15 min and then fixed in 10 9,
formol or glutaraldehyde for 10— 14 days. When fixation was concluded, the tissue was drained
using the method of drying at a critical point, evaporated with gold using Balzers plating equipment
and its surface was studied and photographed using Stereoscan Cambridge scanning electron
microscope.

Results

Ultrastructure of Articular CartiIége in the 19th to 20th Week
after Fertilization

In this stage of development, both the cellular component and intercellular
matter of articular cartilage undergo some changes. While the surface-layer
chondroblasts still retain the appearance of immature elements, their numbers
diminish and thus the intercellular component gets relatively more abundant.
Cells of the middle and deep layers exhibit clear-cut structural differences. In
the fibrous component of the intercellular matter of all three layers, aperiodic
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and collagenous fibrils can be differentiated which, particularly in the deep
layer, predominate over the aperiodic fibrils. In the middle layer, and especially
the deep layer, the pericellular and intercellular matrices are already differentiated.

Submicroscopic Structure of the Surface-Layer Chondroblasts
Nucleus

Nuclei of surface-layer chiondroblasts are spindle-shaped and attain the size
of up to 8—10x2—3 ym. ‘

The nuclear envelope of a usual structure extends against the karyoplasm in
shallow invaginations only (Fig. 1, Plate IX) at the end of the volume the peri-
nuclear space is narrow. Ribosomes are thinly bounded to the outer membrane
of the nuclear envelope. The appearance of the zonula nucleum limitans is the
same as in the surface-layer cells of the previous stage (6—11 weeks) of deve-
lopment.

A cross-section of the nucleus (Fig. 1) shows that chromatin forms a conti-
nuous layer at the inner memibrane of the nuclear envelope. Sporadic karyosomes
are scattered irregularly on the section.

Nucleoli appear seldom and when we detected them at all, they were of the
reticular type.

Cytoplasm

Cytoplasm occurs in larger quantities, containing also larger amounts of cellular
organelles. Cytoplasmic 1nc1us1ons are represented by a small amount of glyco—
gen (Fig. 1).

Granular endoplasmlc reticulum occurs in the form of short and flat
cisternae densely covéred- with ribosomes (Fig. 1). Cisternae are scattered in
the cytoplasm among other organelles. In contrast to the previous stage of de-
velopment (i. e. 6—11 weeks), we did not come across widely dilated cisternae.
.Moreover, narrow spaces of granular endoplasmic reticulum are filled up with
medium-dark material in' this stage of development (Fig. 1).

Agranular endoplasmic reticulum consisted of smooth small vesicles
and larger vacuoles, usually near the surface of the cell (Fig. 1). When they appear
near Golgi complex, they are probably derivates of its structures.

Golgi complex in cytoplasm of chondroblasts of the surface layer takes up
a relatively large area in sectioned material (Fig. 1) and is composed of several
Golgi fields. The diktyosome is relatively small, a conspicuous feature is a large
number of vesicles of Golgi complex.

Mitochondria are of a usual structure and size. Mitochondria with a clear
matrix are a more frequent finding.

Ribosomes are either attached to the outer membrane of the nuclear enve-
lope and the cisternae of granular endoplasmic reticulum or scattered freely
in the cytoplasm.

In this stage of development, lysosomes form a regular part of cytoplasm of
the surface-layer chondroblasts (Fig 1). They are irregularly oval in shape, reach
0.2 to 0.5 um in size and contain homogenous materlal of rmddle to high density
(Fig.1).

Cell membrane. Cytoplasm of surface-layer chondroblasts very often pro-
jects outwards to form massive processes, covered with cell membrane (Fig. 1).
Processes of individual cells touch each other and structures similar to desmo-
somes (Fig. 1) are occasionally formed at the points of contact. Besides processes
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of this type, cytoplasm also extends into much smaller processes of 0.5—1 ym
in size, which can be found near cells both in longitudinal and cross-sections (Fig.
1). Cell membrane forms infrequent pinocytotic vesicles.

In cytoplasm of chondroblasts of this layer, glycogen occurs in small quanti-
ties only. Its grains are usually agglutinated in small clusters, situated in various
places in the cytoplasm among other structures (Fig. 1). On rare occasions,
glycogen was found in larger quantities, occupying a large part of cytoplasm.

As in the previous stage, cytoplasmic fibrous structures were observed only
rarely. When intracytoplasmic filaments did occur, it was usually in the form
of a fine bundle of small filaments in the vicinity of cell membrane (Fig. 1).

Submicroscopic Structure of Middle-Layer Chondroblasts

Chondroblasts of the middle layer of articular cartilage in the period between
the 19th and 20th week after fertilization are cells of irregularly oval shape, re-
aching a size of 10—12x5—7 um (Fig. 2). They do not differ significantly in
the shape, size or content of organelles from chondroblasts of the middle layer
of the preceding period, with the exception of the chromatin] arrangement and
the amount granular endoplasmic reticulum.

Nucleus
The nucleus is of an oval shape, attaining the size of 8 X 4 yum. Nuclear envelope
has its usual structure. Its outer membrane is densely covered with attached
ribosomes, and the outer membrane passes from place to place into structures
of granular endoplasmic reticulum (Fig. 2, Plate X). In some parts, the perinuclear
;?ace widens up to three times its original width. Nuclear pores are relatively
equent.

Chromatin forms a continuous rim near the inner membrane of nuclear
envelope. Between the rim and the envelope there is zonula nucleum limitans in
the form of a thin layer of granular substance of medium electron density. Moreo-
ver, chromatin forms infrequent karyosomes, which are seen scattered all over the
nucleus in sectioned material.

Nucleoli are rarely found. When one is found, it is a single nucleolus of the
reticular type.

Cytoplasm

In this stage of development, cytoplasm of chondroblasts of the middle layer
of articular cartilage exhibits no significant differences from the cytoplasm of
surface layer chondroblasts as regards its amount and the content of cellular or-
ganelles, with the exception of the amount of granular endoplasmic reticulum.

Granular endoplasmic reticulum occurs in the form of sporadic flatte-
ned cisternae, usually positioned among other organelles at the periphery of cells
(Fig. 2). It is clear that its structures originate also from the outer membrane of the
envelope (Fig. 2), from where they radiate as evaginations of various présnoot
shapes to cytoplasm where they, e.g. widen in a club-like fashion and split off in
the form of vesicles (Fig. 2) As in the preceding stage, internal spaces of cisternae
are filled up with granular, medium-dense material.

Agranular endoplasmic reticulum is represented by vesicles positioned
mainly near the structures of Golgi complex.
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Golgi complex is formed by small diktyosomes and a fairly large number
of both small and large Golgi vesicles. In some cases it extends over several fields
at the periphery of cytoplasm.

Mitochondria do not differ in size from these organelles in other layers but
they usually have thinly distributed cristae with strikingly clear matrix (Fig. 2)

Lysosomes occur in cytoplasm of middle-layer chondroblasts only sporadi-
cally. They have the appearance of dark corpuscles of 0.1 zm in size (Fig. 2).

Cell membrane. Cytoplasm of middle-layer chondroblasts extends into
infrequent, short processes covered with cell membrane of usual architecture.
The processes seldom reach the length of 1 xm and reach the surrounding inter-
cellular substance. Pinocytotic vesicles are more frequent than in middle-layer
chondroblasts of the previous stage. Fine collagenous fibrils are set in a close
vicinity of the cell membrane.

Glycogen forms a regular part of cytoplasm. Its granules are most frequently
agglutinated in a single large district at the pole of the cell and several smaller
clusters scattered in various places in cytoplasm (Fig. 2).

Cytoplasmic fibrous structures occur in the form of short bundles of filaments
positioned either perinuclearly or at the periphery of the cell (Fig. 2).

Submicroscopic Structure of Deep-Layer Chondroblasts

In this stage of development, deep-layer chondroblasts of articular cartilage are
cells of an irregularly oval or even rounded triangular profile, attaining size of
about 10X 6 um (Fig. 3 Plate XI). They mainly occur set separately in intercellu-
lar substance.

Nucleus
The shape of the nucleus copies that of the cell, attaining size of 8 X 4 ym.

Nuclear envelope is formed by two membranes which merge in places of
nuclear pores. Compared to nuclei of the middle layer, they produce deeper in-
vaginations (Fig. 3). Ribosomes are attached in large numbers to the outer membra-
ne but links with the cisternae of granular endoplasmic reticulum are rare.

Zonula nucleum limitans is well-defined (Fig. 3) and adjoins the internal mem-
brane of nuclear envelope.

Chromatin creates a continuous layer near the internal membrane of nuclear
envelope, which is interrupted only in places of nuclear pores. In sectioned nuclear
material, moreover, individual karyosomes occur in a larger number than in mid-
dle-layer nuclei.

Nucleoli are not prominent and when found at all, they are of reticular type.

Cytoplasm

Granular endoplasmic reticulum has the shape of flattened cisternae
or dilated vesicles of various length, situated mainly at the periphery of cells
(Fig. 3). Both cisternae and vesicles are filled up with medium-osmiophilic gra-
nular material. -

Agranular endoplasmic reticulum is present in larger quantities than
in the previous stage. Sectioned material clearly shows that its structures in cyto-
plasm can be formed from envaginations of the cell membrane, which is particu-
larly true about vesicle in its vicinity.

Golgi complex is represented by a large number of small vesicles (Fig. 3)
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which are usually agglutinated in a single district. Among the small vesicles,
sporadic large Golgi vacuoles may occur. We found no transport vacuoles.

Mitochondria are neither numerous nor prominent organelles of cytoplasm
of deep-layer chondroblasts.

Ribosomes are partly attached to the outer membrane of nuclear envelope
and to cisternae of granular endoplasmic reticulum and partly are diffusely distri-
buted in cytoplasm.

Lysosomes represent a regular part of cytoplasm of chondroblasts in the deep
layer (Fig. 3) even though they occur in small numbers only. They appear as dark
corpuscles 0.3 to 0.5 um in size and are as a rule located at the cell periphery.

Cell membrane. Cytoplasm of deep-layer chondroblasts forms numerous
short processes practically over all of surface of the cell. The processes are cove-
red with cell membrane, their length and width not exceeding 1 and 0.3 pm res-
pectively. Some of the processes are bifurcated and bent, so that we can find them
both in tangential sections as well as cross-sections in the vicinity of cells. The
processes penetrate into the pericellular matrix.

Arrangement of Intercellular Substance of Articular Cartllage

The surface of articular cartilage in the 19th and 20th week of development
presents a regionally differentiated appearances. In some parts, either chondro-
blasts or their cytoplasmic processes (Fig. 1) covered with only a thin layer of
intercellular substance penetrate to the immediate vicinity of the surface. Inter-
cellular substance of the surface layer is partly composed of collagenous fibrils,

- 'whose quantity has increased compared to the previous stage, and partly of ape-
riodic fibrils and amorphous ground substance, whose relative amount in the sur-
face layer is decreasing. Intercellular substance is not clearly differentiated into
the pericellular and intercellular matrices. Collagenous and aperiodic fibrils often
penetrate to the immediate vicinity of cell membrane of chondroblasts (Fig. 1).

In the middle layer (Fig. 2) there are aperiodic fibrils and collagenous fibrils
set in abundant amorphous substance. Both types of fibrils occur in immediate
vicinity of cell membrane, rendering their differentiation into pericellular and
intercellular matrices impossible.

The greatest changes in the composition of intercellular substance occur in
the deep layer (Fig. 3, 4, Plate XII). Compared to the previous stage of develop-
ment, collagenous fibrils are completely predominant, often arranged in bundles
oriented roughly parallel to the surface of cells. In the vicinity of chondroblasts,
specialized districts begin to form, i. e. pericellular matrix filled up with mainly
predominant amorphous substance and aperiodic fibrils (Fig. 3). In the intercel-
lular matrix, bundles of collagenous fibrils are crowded at a longer distance from
cells, among which we can find districts composed of meshwork of fine filaments
(Fig. 4). As can be seen in sectioned material, they create typical collagenous
fibrils. It is clear that clusters of filaments represent tropocollagenous fibrils,

~ which are changed into collagenous fibrils in intercellular substance.

Ultrastructure of Articular Cartilage Between 27th and 37th
Week After Fertilization

This period marks the differentiation of both cells and intercellular substance
of articular cartilage. Cells in both the surface, middle and deep layers attain gra-
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dually submicroscopic signs of chondrocytes and are deposited in individual
layers in a typical manner. In intercellular substance, collagenous fibrils begin
to predominate over avneriodic fibres, which only form an important component
in a small layer bordering with the joint cavity, and in the areas of the pericellular
matrix.

Submicroscopic Structure of Surface-Layer Chondroblasts

Surface chondroblasts are oval or even spindle-like elongated cells of 10—11 x
X 5—6 um in size (Fig. 5, Plate XIII). In intercellular substance, they are set se-
parately, oriented parallel to the cartilaginous surface.

Nucleus
The shape of the nucleus of surface chondroblasts copies the contours of the.
" cell. The nucleus is relatively large, attaining the size of 8 X 3—4 um.

Nuclear envelope has a usual structure. Its outer membrane densely packed
with attached ribosomes exhibits envaginations in places and becomes a part of
granular endoplasmic reticulum (Fig. 5). The perinuclear space is narrow, nuc-
lear pores are infrequent.

Chromatin creates karyosomes of various sizes, laying next to the mternal
membrane of the nuclear envelope (Figs. 5, 6, Plate XII). Larger agglutinations
of chromatin can be found only near the nucleolus (Fig. 5), which makes the di-
fferentiation of perinucleolar chromatin difficult.

Nucleoli are a very frequent finding. They are about 1.5 um in size and always
contain a nucleolonema (Fig. 5).

Cytoplasm

Cytoplasm is accumulated in larger quantities at both poles of the cell, while
in other areas it forms only a narrow rim around the nucleus (Figs 5, 6).

Granular endoplasmic reticulum is represented by short flattened
cisternae and also by sporadic broad sacks on the other (Figs. 5, 6). Some of the
cisternae are branching and interconnecting. Both the flat cisternae and sacks are
filled with granular medium-osmiophilic material (Figs. 5, 6).

Agranular endoplasmic reticulum was dlscovered only very rarely
If found at all, it was in the form of smooth vacuoles.

Golgi complex takes up only a small district in the cytoplasm of chondro-
blasts (Fig. 5). It only consists of three smooth and short cisternae with a small
number of small vesicles placed in its vicinity.

Mitochondria are relatively numerous. They have their usual architecture
and besides rounded mitochondria, also rod-like mitochondria occur from time
to time (Fig. 5).

Lysosomes occur only very rarely in cytoplasm of chondroblasts of this layer.
They form corpuscles about 0.1 um in size and contain granular material of va-
rious density (Fig. 5).

Cell membrane. Cytoplasm on most of the cellular surface exhibits no ma-
jor irregularities, the exception being polar regions of cells where it extends into
several short and frequently bifurcating processes (Fig. 6, Plate XII). The processes
are about 0.5—0.8 zm long and reach into the neighbouring intercellular substance.

No fatty droplets or glycogen were found in the cytoplasm of surface-layer
chondroblasts.
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Cytoplasmic fibrous structures are present in the form of fine bundles of fila-
ment 1 —2 ym in length, extending along the cell periphery (Fig. 6).

Submicroscopic Structure of Middle-Layer Chondroblasts

Middle-layer chondroblasts are cells of the same size as those in the surface
layer. In intercellular substance they usually occur in pairs (Fig. 7, Plate XIV)
and have an oval or even slightly spindle-like shape.

Nucleus

The appearance and arrangement of nuclei of middle-layer chondroblasts do
not differ from the nuclei of surface chondroblasts (Fig. 7).

Nucleolus is a sporadic finding and if found at all, it was always of the reti-
cular type.

Cytoplasm .

Cytoplasm occurs at the same amount as in the surface layer, and also its
distribution in relation to the shape of cells is similar.

Granular endoplasmic reticulum forms numerous narrow cisternae
distributed mainly in cytoplasm at either pole of the cell (Fig. 7) and its profiles
also surround the nucleus. Its membranes have ribosomes attached to them and
the inside is filled with material of medium €lectron density (Fig. 7).

Agranular endoplasmic reticulum is present in the form of sporadic
smooth vacuoles, scattered randomly among organelles.

Golgi complex is not prominent at-all, taking up only a small district in
cytoplasm. Besides a small diktyosome, its most conspicuous part are numerous
small Golgi vesicles (Fig. 7).

Compared to the surface layer, mitochondria are much more numerous
(Fig. 7). Besides rounded or even oval mitochondria, we can also find their elon-
gated or even rod-like versions.

Although they occur in small numbers, lysosomes form a regular component
of cytoplasm of chondroblasts in this layer. They are oval or even rounded cor-
puscles 0.2—0.4 um in size, containing both homogeneous electron-dense material
and medium-osmiophilic granular substance (Fig. 7).

Cell membrane. All over the surface, cytoplasm extends into short and wide
processes that also contain organelles and form sporadic thin processes of up to
2 ym long that reach into intercellular substance. Some of these processes are
bent and in this case, their cross-sections also be demonstrated (Fig. 7). Pinocyto-
tic vesicles are not very numerous.

We observed no fatty droplets, glycogen or cytoplasmic fibrous structures in
cytoplasm of middle-layer chondroblasts.

Submicroscopic Structure of Deep-Layer Chondroblasts

Chondroblasts of the deep layer of articular cartilage are cells of rather smaller
in size (8 X3—4 um, Fig. 8, Plate XIV) than those in the middle layer. They
are either oval or irregularly triangular in shape and are usually arranged in stacks
of 3 or 4 cells towards the surface of the cartilage.

Nucleus

In their architecture or appearance, nuclei of deep-layer chondroblasts do not
differ from those in the middle or surface layers.
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Nucleolus is found only rarely. When observed at all, nucleoli were about 1 mu
in size and always contained nucleolonema.

Cytoplasm

Compared to middle-layer chondroblasts, cytoplasm occurs in smaller amounts
and its density is strikingly high.

Granular endoplasmic reticulum occurs in large amounts. Its narrow
cisternae are either densely crowded together or broadly dilated at cell peripheries
(Fig. 8). Dilated cisternae contain fibrous material, while narrow reticular spaces
are filled up with granular substance of medium density.

Agranular endoplasmic reticulum occurs very rarely in the form of
sporadic vacuoles.

Golgi complex is not expressed prominently: it takes up a small district
only and is only rarely demonstrated in sectioned material.

Compared to the previous period, the number of mitochondria is small.
Their architecture or size shows no differences from mitochondria of chondro-
blasts of the surface and middle layers (Fig. 8).

Although not very numerous, lysosomes occur regularly. In size and appea-
rance they exhibit no differences from lysosomes of the middle layer.

Cell membrane. On the most of the surface, cytoplasm is smooth with only
infrequent processes of 0.8 um long, reaching into the surrounding intercellular
substance (Fig. 8). Depending on the arrangement of this intercellular substance,
the processes penetrate either into the pericellular or the intercellular matrix,
and in)some cases the cell membrane immediately adjoins collagenous fibrils
(Fig. 8).

There are no cellular inclusions in cytoplasm of deep-layer chondroblasts.

Arrangement of Intercellular Substance of Articular Cartilage

In the period studied, the fibrous component of the intercellular substance of
articular cartilage with a predominance of thin collagenous fibrils in the surface
and middle layers became more abundant (Figs. 5, 7), while the deep layer (Fig 8)
conta‘iins typical collagenous fibrils arranged in bundles just as in the previous
period. v

The surface of articular cartilage is formed in two ways. In separate locations,
parts of up to 8 um long are formed, consisting of bundles of fine filaments (Fig. 4)
which come into an immediate vicinity with the joint cavity. Towards the inside
of the joint cavity, these bundles are overlaid with a thin layer of amorphous
substance with sporadic filaments, separated clearly from the bundles. Deeper
below the surface layer, intercellular substance is composed of collagenous fibrils,
radiating in various directions (Fig. 5). In this period, pericellular matrix in the
vicinity of chondroblasts is already clearly formed, where collagenous fibrils
penetrate in limited numbers only (Fig. 5).

In the second case (Fig. 6), only very short parts consisting of fine bundles of
filaments are formed, with areas formed by intercellular substance between them.
Filament bundles, similar to those described in the previous case, are found under
this type of surface at the depth of about 1.2—1.5 um, and other similar structures
were observed under the uppermost chondroblasts (Fig. 6). In areas with this
type of architecture, pericellular matrix is not clearly formed and collagenous
fibrils are in a close contact with cell membrane (Fig. 6).
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In the middle layer, intercellular substance is clearly differentiated into inter-
cellular and pericellular matrices, particularly in separately-occurring cells (Fig. 7).

Scanning Electron Microscopic Appearance of Articular Cartilage

Around the 20th week of development, the appearance of articular cartilage
undergoes considerable changes. Elevations are semi-spherical or spindle-shaped,
their distribution, however, is different (Fig. 9, Plate XV). In the 20th week they
undergo a kind of an aggregation. They form characteristic groups of 3—4 struc-
tures lined one after another, which are of a similar shape as in the previous period.
Among these groups or lines of elevations, there are relatively extensive districts
whose surface is marked with mound-like structures. Between the ridges of mounds

“there are shallow grooves extending in some cases into about a third of the eleva-
tions.

The next period when the surface configuration of articular cartilage undergoes
further changes is the time from the 36th week of development to parturition.
As shown in an overall magnified view (Fig. 10, Plate XV), the surface of articular
cartilage is much less rough than in the previous period. Low prominences in
the form of rounded or slightly oval structures can only be observed, either solitary
or in pairs. Between them, there are either shallow depressions or low ridge-like
lines. At medium and large magnification (Figs. 11 and 12 respectively, Plate XVI),
the detailed arrangement of the surface can be observed. It becomes clear that
toth solitary and } aired prominences are bordered with a groove which separates
them from the surrounding only slightly corrugated surface. Some of the paired
prominences form typical figures of eight (Figs 11, 12) set in a their common de-
pression, or two neighbouring elevations are set so close to each other that the
boundary between them becomes indistinct (Fig. 12). On the basis of correlations
of transmission electron microscopic observations of the structure of articular
cartilage we have come to the conclusion that these prominence represent chondro-
blasts laying on the surface, while the bordering groove or furrow is the results of
a collapse of a district of pericellular matrix.

Discussion

Light microscopic studies of early ontogenetic development of articular struc-
tures in man have been made by a large number of authors (Gray et al., 1957;
Gardner and O’Rahilly 1968; Cihéak 1972; O’Rahilly and Gardner 1975;
Glenister 1976; Levitt and Dorfman 1974, inter alia). It follows from these
works that articular surfaces as well as other joint components come into existence
in the period between the 6th and 10th week after fertilization and that the joint
cavity appears in the 8th week (Gardner and O’Rahilly 1968). Very little in-
formation, however, is available on th: prenatal development of the submicrosco-
pic structure of human articilar cartilage.

In our group of human embryos, we found an open cavity of the hip joint from
the 6th week after fertilization. This observation is in fairly good agreement with
the data published by Gardner and O’Rahilly (1968), who focused their atten-
tion on the knee joint. If we take into account the differences in the proximodistal
sequence, then our observation does not contradict these data. Moreover, certain
inaccuracies in the determination of the length of pregnancy and the crown-rump
length should be taken into consideration.
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In the study of articular cartilage in not only man but also lower mammals
(Horky 1983; 1986; 1987) we found that certain periods in the dynamics of the
prenatal development can be distinguished in which distinct changes in the ultra-
structure of cells and the qualitative and quantitative arrangement of intercellular
substance and its arrangement take place.

In the 6th week, the primordium of the femoral head is completely composed
of cartilage and the joint cavity has already been formed, which was also confirmed
by O’Rahilly and Gardner (1975). In this stage, the cartilaginous primordium
has all the characteristics of an immature cartilaginous tissue. Cells are uniform in
their appearance both on the surface and in a deeper zone, they are sét in an abun-
dant intercellular substance with a predominance of its amorphous component.
Intercellular substance produced by chondroblasts (Sheldon and Kimbal 1962)
is arranged in a different way on the surface of articular cartilage, where it is formed
by sox ewhat denser layer com' osed of aperiodic fibrils.

Important changes in the ultrastructure of human articular cartilage take place
in the period between the 8th and 11th week of the intrauterine development.
While the appearance of cells in the surface layer does not change in any signifi-
cant way, some cells deeper under the surface attain characteristics of more di-
fferentiated elements. With a certain approximation, these changes can be used
as a basis for distinguishing three layers in articular cartilage of an adult man and
experimental mammals (Palfrey and Davis 1966; Weiss et al. 1968; Vignon
et al. 1976; Horky 1980; 1983; 1986; 1987). In the surface and middle layers,
cells are oriented parallel to the surface of the cartilage (Godman et al. 1960;
Gould et al. 1974; Levitt and Dorfman 1974). According to these authors,
this is because they are transferred from the region of the chondrification center,
while Clark (1971 a; b; 1974) and Zimny and Redler (1972) believe that it is
the optimum situation from the mechanical point of view.

As regards the occurrence of blood vessels, they have not been described in
any human material and we did not find any in our material, either. This contrasts
with the situation in articular cartilage of lower mammals (Horky 1986). We did
not when find the cannals described by Hurrel (1934), Levene (1964), Lufti
(1970), Stockwell (1971) in the deep layers of the primordium of the femoral
head, which is penetrated by the vessels from the perichondrium. In contrast
to papers by Stockwell (1967) and Ghadially (1983), we were unable to con-
firm an increased number of mitoses in the middle layer.

An important symptom of differentiation of intercellular substance and thus
also an indicator of the ability of articular cartilage to perform its function in the
joint is the formation of its surface. We observed the first signs of densification of
the fibrous component of intercellular substance in the 19th week of development
in the deep layer of articular cartilage. Aperiodic fibrils begin to agglutinate
into bundles and it can be seen quite clearly that they are beginning to form colla-
genous fibrils. Until the 27th week, the surface of articular cartilage was conside-
rably rough and aperiodic fibrils of the surface layer even project into the joint
cavity. In this period, the segments covered with bundles of fibrillar material of
various length and thickness begin to form. They are considered the primordium .
of chondral membrane (Wolf 1946; 1969; 1975; McConnail 1951; Weiss
et al. 1968; Meachim and Stockwell 1973; 1979; Stockwell and Meachim
+ 1979; Horky 1980; 1983; 1986). McCutchen (1966) and Maroudas (1973)
believe that this structure is formed by ultrafiltration of joint fluid through the
surface layer of cartilage. We, on the other hand, assume that chondral membrane
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is formed by tropocollagenous bundles of filaments along the surface of articular
cartilage, without their polymerization into typical collagenous fibrils. As regards
centrioles and cilia, we can confirm observations of Scherft and Daems (1967),
Stockwell and Meachim (1973; 1979), Horky (1978; 1980), Ghadially
(1982; 1983), Vidinov and Vasilev (1985) concerning articular cartilage of
both man and lower mammals: all of these authors mention a higher incidence
of centrioles and cilia in young individuals. The smaller amount of glycogen, among
other things testifies to the activity of the chondroblasts of human articular cartilage
in the 19th and 20th weeks.

From the 20th week on, small numbers of vimentine intracytoplasmic filaments
begin to appear in the cytoplasm of chondroblasts in the surface and middle layers
of articular cartilage. These structures grow rapidly in number from the 27th week
of development. Their number gradually increases with age and in adult indivi-
duals they may even take up a considerable part of the cytoplasm (Weiss and
Mirrow 1972). According to their agglutination in the cytoplasm, some authors
assessed the overall metabolic state of cells (Thyberg et al. 1973 ab; Wiltberger
and Lust 1975), or the process of cell ageing (Curtiss and Klein 1965; Gha-
dially et al. 1970; Dearden et al. 1974; Meachim and Fergie 1975), and their
quantities during pathological states were studied (see surveys by Horky 1980,
Ghadially 1982), because it used to be assumed that it was a tropocollagen (Revel
and Hay 1963; Goldberg and Green 1964). In their works, Lazarides (1980),
Porter and Tucker (1981) proved that these filaments were made up of various
proteins and that the filaments in cartilaginous cells were of the so-called vimentine
type. They form a tri-dimensional meshwork, which is present in the cytoplasm
microtubules (Roberts and Hyams 1979) in determinig the shape of the cell.
It is still not clear, however, whether they get attached to the cellular membrane.

In intercellular substance of the surface layer, relatively massive and long
bundles of fine filaments are located either at the surface or deeper in this layer.
It cannot be excluded that the deeper-set bundles are pushed towards the surface
of articular cartilage, while the intercellular substance which is on top of them is
peeled off to the joint cavity. This idea is, in fact, supported by some of our ob-
servations. In the period studied, the fibrous component of the middle and deep
layers in man becomes more abundant. At the same time, differentiation into pe-
ricellular and intercellular matrices is quite distinct in this period and as regards
isogenetic groups, partitions in the common lacuna are formed.

In the prenatal period, the surface of articular cartilage exhibits considerable
changes in its formation. Even when we take into account objections of some aut-
hors to the methods of scanning electron microscopy for the study of articular
surfaces (Bloebaum and Wilson 1980; Ghadially 1983), we cannot dismiss
lightly the large number of new information provided by this study of surfaces.
On the basis of as yet published works (Ghadially et al. 1978; Longmore and
Gardner 1978; Moschurchak and Ghadially 1978; Puschmann 1978) on
experimental animals as well as man (see e.g. comprehensive survey by Ghadially
1983) it is clear that the number of irregularities caused by chondroblasts deposi-
ted on the surface grows smaller in the course of development and the cartilage
surface gets smoother, e.g., in the 36th week of intrauterine development in man
small round elevations are discernible on the surface, set in shallow, pits. Our ob-
servation is in agreement with the findings published by particularly Moschur- .
chak and Ghadially (1978) and Longmore and Gardner (1975; 1978), who
compared their results with findings obtained with interference microscope. It



123

is clear (Horky 1984) that fixation and dehydration artifacts are produced easily
particularly in embryonal material because articular cartilage in an early stage of
its development contains a considerable amount of water, while proteoglycans
and the fibrous component still remain largely unformed (Freeman and Mea-
chim 1973). In the course of development, however, we can observe what could
be described as sinking of formerly considerably prominent chondroblasts, sepa-
rated by a furrow from the surrounding matrix. The furrow is due to a collapse
of the newly appearing pericellular matrix, which is at first mainly composed of
amorphous matter with a high water content, so that dehydration may cause a col-
lapse of an entire district (Clarke 1971 a; b; 1974). With an increasing amount
of the fibrous component in the intercellular substance, the sagging becomes less
and less apparent. This is another fact which can to a certain extend provide in-
formation on the degree of cartilage differentiation.

Submikroskopicka struktura kloubni chrupavky ¢lovéka v obdobi 19.—38.
tydne po oplozeni

Byla sledovéana kloubni chrupavka 15 jedinci obojiho pohlavi stafi 19.—38. ty-
dnti po oplozeni v transmisnim elektronovém mikroskopu a 19 jedinct téhoz stari
v rastrovacim elektronovém mikroskopu. Vzorky tkané ziskané jednak pfi interrup-
cich, jednak pfi spontinnich potratech byly zpracoviny standardnim zpsobem.

V pribéhu vyvoje artikuldrni chrupavky lze vymezit obdobi, ve kterych se zfe-
telné¢ obrizeji zmény v submikroskopické struktufe jednotlivych komponent
i v utvafeni jejiho povrchu. V prvnim trimestru je to obdobi 6.—11. tydne po
oplozeni a dale obdobi 19.—20. a 27.—37. tyden po oplozeni. Tyto pozd¢jsi etapy
byly pfedmétem na$eho studia.

Jiz od 11. tydne po oplozeni Ize v kloubni chrupavce odlisit tfi vrstvy. V obdobi
19.—20. tydne se v cytoplasmé chondroblastti povrchové a stfedni vrstvy kromé
jinych zmén objevuji intracytoplasmatickd filamenta jako ddlezity diferenciaéni
znak a v obdobi 27. tydne se na povrchu chrupavky objevuji prvni zndmky tvorby
chondrilni membriny. V obdobi 27.—36. tydne vyvoje pokracuji diferenciacni
zmény chondroblastii, takZe koncem tohoto obdobi jiz buiiky nabyvaji znaky chon-
drocyti dospélé chrupavky. V mezibun&éné hmoté¢ dochézi ke zmnoZeni vldknité
komponenty, takze odliSeni periceluldrni a interceluldrni matrix zejména ve stfed-
ni a hluboké vrstvé je zcela zfetelné.

Do obdobi 19.—20. tydne vyvoje je povrch chrupavky velmi nerovny. Cetné
chondroblasty kryté povrchovou vrstvou mezibunécné hmoty prominuji do kloub-
ni dutiny. V obdobi od 27. a zvla§té v obdobi 37. tydne dochdzi ke sniZzeni poctu
chondroblastii, které pfed narozenim vytvareji charakteristické skupiny po dvou
burikdch. Bufiky jsou uloZeny v prohlubnich oddélenych zifezem od okoli. Pro-
hlubné i zéfezy jsou podminény kolapsem vytvofené pericelularni matrix, vyvyse-
niny maji jako podklad niZe ulozené chondroblasty.

Cy6MuKpockonuueckasi CTPYKTypa CYCTaBHOFO Xpslia uenoBeka
Ha 19 - 38 Hegene nocne onNNOAOTBOPEHUS

MpoBoannu uccnepoBaHUs cycTaBHoro xpswa 15 ocobeit oboero nona
B Bo3pacTte 19 - 38 Hepenb nocne onnoAOTBOPEHUS C MOMOLLIbLIO TPaHCMUC-
CHOHHOK Mukpockonuu U 19 ocobeit B TOM Xe BO3pacTe B pacTBOpPOM
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3NeKTPOHHOM MuKpockone. O6pasubl TKaHW, NONyyeHHble BO BpeMs a6op-
TOB M CaMOMpPOU3BONbHbIX abopToB o6pabaTbiBanu O6GbIUHbIM CMOCOGOM.

B xoae pa3BUTUS apTUKYNSpPHOTO Xpslla MOXHO ONpeAenvuTb MNepuoa,
B KOTOPOM UETKO Ha MeTeAHWi nnaH BbiCTynalT U3MEHEeHUs CyOMUKpPOCKO-
MUUECKO CTPYKTYbl OTAENbHbIX KOMMOHEHTOB U (hOPMUPOBaHUS €ro no-
BEpXHOCTU. B nepBomM TpumecTpe peub uaet .o nepuose 6 - 11 Heaenb no-
cne onnoaoTBopeHus u o nepuoae 19 -20 u 27 - 37 Heaenb nocne onno-
notBopeHus. MpuseaeHHble 6onee Nos3aHWe NepuoAbl Nernu B OCHOBY Ha-
WKUX uccneaoBaHUn. ‘

Yxe ¢ 11 Heaenn nocne onnoAOTBOPEHWS MOXHO B CYCTaBHOM Xpslie
pa3nuuuTb Tpu cnos. Ha 19 - 20 Heaene B uuTonnasme XoHAPOGNacTOB No-
BEPXHOCTHOTO U CpPeAHEero Cnoes NOMUMO APYrMX U3MEHEHWW MOABNAIOTCSH
MHTpauuTonnasMeTMueckne unaMeHTapHble BONOKHa B KaueCTBe BaXHOro
AnddepeHunpyiowero npusHaka U Ha 27 Hejene Ha NOBEPXHOCTU XpAwia
nosBNAOTCSA Nepsble NpU3Haku o6pa3oBaHUA XOHApanbHoOW mMemOpaHbl. Ha
26 - 36 Hepene pasBUTMA MNpoAONKaeTCs AUddeEpeHUunauus XoHApoGna-
CTOB, cnejoBaTenbHO, B KOHUE yKa3aHHOro nepuoja KNneTku yxe npuobpe-
TaloT XapaKTep XOHAPOUMTOB B3pOCnoro xpsuja. B MexkneTouHoW Mmacce
yBENMUMBAETCA KONUUECTBO BONOKHWUCTOW COCTaBNsAOWEN, CneaoBaTeNnbHo,
COBEpLEHO YETKO BbIAENsSeTCA pa3nuuuve MNepuuennionsspHoro U HHTep-
UENNoNApHOrO CNnoeB B OCOGEHHOCTU B CPeAHEM WU TNyGOKOM YPOBHSX.

Ha 19 - 20 Heaene pa3BUTMA NMOBEPXHOCTb Xpslia HepoBHas. MHorouu-
CNeHHble XOHAPOO6NACTbl, NOKPbITbIE NOBEPXHOCTHbLIM CNOEM MEXKNETOUHOM
MaccCbl BbIXOAAT B CYCTaBHYIO nonocTtb. HauuHas ¢ 27, B 0COGEHHOCTU Ha
37 Hepene UWCNEHHOCTb XOHAPOGNACTOB YMEHbLIAETCH U AaHHble XOHAPO-
6nacTbl nepea poOXAE€HWEM 00pa3yloT XapaKTEepHble TpyMMbl NapHbIX Kie-
TOK. Yrny6neHus u BbieMbl 0OYCNOBNEHbI Konnancom o6Gpasyemoro nepwu-
UENNoNAPHOro CNos, BLICTYMbl UMEIOT B KaueCcTBRE OCHOBbl HWXE pacrnono-
XEeHHble XOHAPOGNaCTbI.
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Plate IX.

Fig. 1 Surface layer of human articular cartilage, 19 to 20 weeks after fertilization. Chondroblasts
with nuclei (N), karyosomes (k). Short profiles of granular endoplasmic reticulum in cy-
toplasm (E), mitochondria with damaged cristae (M), Golgi complex (G), lysosomes (L),
glycogen (g), cytoplasmic filaments only in the vicinity of the nucleus (f) or cell membrane,
the exception being support structures (d) between projections of cells (c). Some of the
projections are located immediately under the surface. Intercellular substance already
contains collagenous fibrils (K) radiating in various directions in the amorphous ground
substance (za). Magnification: 12 000 X.
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Plate X.

Fig. 2 Chondroblasts of the middle layer of human articular cartilage, 19 to 20 weeks after fer-
tilization. Nucleus (N), karyosomes (k), zonula nucleum limitans (z), sporadic profiles
of granular endoplasmic reticulum (E), structures of Golgi complex (G), mitochondria
with damaged cristae (M), lysosomes (L), glycogen (g), cytoplasmic filaments (f), colla~
genous fibrils (K) are frequently placed near cellular membrane (c).

Magnification: 16 000 x
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Plate XI.

Fig. 3 A chondroblast of the deep layer of human articular cartilage, 19—20 weeks after ferti-
lization. Nucleus (N) with karyosomes (k), zonula nucleum limitans (z), cisternae and
vesicles of granular endoplasmic reticulum (E), agranular endoplasmic reticulum (A),
small vesicles of Golgi complex (G), lysosomes (L). Numerous short processes of cyto-
plasm (c) penetrating into the perinuclear matrix (pm) or intercellular matrix (I) where
a part of collagenous fibrils (K) is arranged parallel to the surface of the cell. Magnification:
16 000 x .
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Plate XII.

Fig. 4

Fig. 6

Part of intercellular substance of the deep layer of human articular cartilage, 19 —20 weeks
after fertilization. Bundles of collagenous fibrils (K) and clusters of fine fibrous material
(fm), collagenous fibrils are divided from its amorphous ground substance (za). Magni-
fication: 28 000 x .

Part of the surface layer of human articular cartilage, 27 to 37 weeks after fertilization.
Nucleus of the chondroblast (N), cisternae of granular endoplasmic reticulum (E), mito-
chondria (M), cytoplasmic filaments (f). Bundles of fibrous material in intercellular
substance are set either under the surface or deeper under the chondroblast. Magnifica-
tion: 12 000 X .
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Fig. 5 Part of surface layer of human articular cartilage, 27 to 37 weeks after fertilization. Nucleus
of chondroblasts (N), nucleolus of the reticular type (n). Narrow cisternae and dilated
vesicles of granular endoplasmic reticulum (E) with granular material, small Golgi com-
plex (G), mitochondria (M), lysosomes (L). Intracytoplasmic filaments (f) set perinuclear-
ly. Pericellular matrix (pm), collagenous fibrils (K) in intercellular matrix. Fine filaments
in bundles (fb) on the surface of the cartilage and individual fibrils going into the joint
cavity (JC). Magnification: 16 100 x .
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Fig. 7

Fig. 8

Pair of chondroblasts of the middle layer of human articular cartilage, 27 to 37 weeks
after fertilization. Nucleus (N), karyosomes (k). Numerous narrow cisternae of granular
endoplasmic reticulum (E), vesicles of Golgi complex (G), mitochondria (M), lysosomes
(L). Sporadic processes of cytoplasm (c) projecting into pericellular matrix (pm). Nume-
rous collagenous fibrills in intercellular substance, forming partitions between lacunae.
Magnification: 12 000 X .

Part of deep layer of human articular cartilage, 27 to 37 weeks after fertilization. Nucleus
of chondroblasts (N), karyosomes (k). Both narrow and dilated cisternae of granular
endoplasmic reticulum (E), small mitochondria (M), lysosomes (L). Short processes of
cytoplasm (c) do not exceed the region of pericellular matrix (pm), if formed. Numerous
bundles of collagenous fibrils (K) radiating in various directions in intercellular matrix.
Magnification: 12 000 x.
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Plate XV.

Fig. 9 Part of the surface of human articular cartilage, 19 to 20 weeks after fertilization. Group
of four prominent chondroblasts (V) set in folded intercellular substance. Cellular detri-
tus (d) on the surface. Scanning electron microscopy. Magnification: 6 000 x .

Fig. 10 Part of the surface of human articular cartilage, 36 weeks after fertilization. Prominences

(V) are low and the surface between them slightly irregular. Remains of synovial fluid
(d). Magnification: 6 000 x .
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Plate XVI.

Fig. 11

Fig. 12

Part of the surface of human articular cartilage, 38 weeks after fertilization. Both indivi-
dual and paired prominences (V) are separated from the surrounding area by a shallow
groove (b). The surface between prominences is covered with small irregularities. Cellular
detritus (d). Scanning electron microscopy. Magnification: 2 000 x .

Detailed view of human articular cartilage, 38 weeks after fertilization. Prominences on
the surface (V) are bordered by a shallow groove (b), separating them from the surrounding
surface covered with tiny projections or ridges, Cellular detritus (d). Scanning electron
microscopy. Magnification: 4 000 x.



