ACTA VET. BRNO 2002, 71: 151-157

Submicroscopic Structure of Equine Articular Cartilage
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Abstract

Horky D., F. Tichy: Submicroscopic Structure of Equine Articular Cartilage. ActaVet. Brno
2002, 71: 151-157.

Thearticular cartilage of kneeand tarsal jointswas studied by transmission el ectron microscopy
in two 2- and two 8-year-old male horses. Samples were collected from regions subjected to
mechanical loading.

The superficial layer in both age categories was characterized by spindle-shaped chondrocytes
distributed throughout the whole layer and lying parallel to the surface. The 8-year-old horses
showed signsof arthrosis, such asuncovering of cellswhich, consequently, cameinto contact with
the joint cavity, disappearance of the chondrosynovial membrane, presence of fissures in the
intercellular matrix and, occasionally, cell necrosis. These changes were associated with
athickening of collagen fibrils.

The middle layer was characterized by oval chondrocytes, surrounded by a narrow pericellular
matrix, located in the extracellular matrix and by rounded cells sending out short projectionsinto
theintercellular matrix. The cytoplasm of both cell types contained cell organelles, glycogen and
bundles of intermediate filaments as well as crystals, probably of protein origin, which assumed
rhombic, rhomboid or trapezoidal shapes.

Thedeep layer consisted of isogenetic groupsof chondrocytesaligned in columns perpendicular
to the cartilage surface. The cellswerelocalized in lacunae with anarrow pericellular space. Their
numerous projections extended into the intercellular matrix. The cytoplasm showed distinct
bundlesof intermediate filamentsencircling the nucleus. In thevicinity of thetide mark, fibrocytes
were observed. The extracellular matrix in this layer was composed of thick bundles of collagen
fibrils.

Horse, articular cartilage, ultrastructure, arthrosis

The role of articular cartilage in joint function is largely mechanical. If the joint isto
function properly, this tissue has to meet two principal requirements: (i) it must resist
mechanical forces produced in different regions of the joint and (ii) facilitate diding and
lubrication of the contact surfaces. Cartilageisadapted to resist forces by the structure of its
extracellular matrix consisting of two components, i.e., ground amorphous substance and
collagen fibrils (Bloebaum and Wilson 1980; Clark 1991). Chondrocytes are
involved in the mechanics of joint movement to aminimal degree but have akey roleinthe
synthesisof intercellular matrix that isresponsiblefor mechanical propertiesof the cartilage
(Maroudas 1973; Buckwalter et al. 1989 and others). The superficial cartilage layer
hasthe main rolein facilitating the sliding and lubrication of contact surfaces (W olf 1975;
Giles 1992; Horky 1993ab, 1994ab; Nixon 1993).

Both the structure and ultrastructure of articular cartilage have been studied in ailmost al
mammals and some birds (Jubb et al. 1985; Bozdéch et a. 1990; Horky 1994ab and
others). Although, in horses, the structure of articular cartilage has been described, most of
the reports were concerned with either pathological processes in joints (Riddle 1970),
surgical procedures carried out on joints (Mcllwraith 1990; Mcllwraith and Martin
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1984; Sullins et al. 1985) or dterations in articular cartilage after therapeutic or
experimental administration of different agents (Mcllwraith and Van Sickle 1981,
Shoemaker et a. 1992). Only very few data concerning the normal structure of articular
cartilage at various ages was found. Therefore, this study was design with the objective to
providemoreconsi stent information ontheadult articular cartilagein horsesof different ages.

Materialsand M ethods

Articular cartilage was collected from the knee and tarsa joints of four male horses, aged 2 and 8 years, to be
examined by transmission electron microscopy. Samples were taken from regions subjected to mechanical loading
forces. Strips, 1x1x3 mm in size, were cut out from the samples and immediately fixed in a 400 mmol/l solution of
glutaradehydein 0.1 M phosphate buffer at pH 7.4. The tissue was subsequently decalcified using two solutions of
0.1M EDTA containing 400 mmol/l glutaraldehyde a pH 7.2, for 60 min each, then alowed to stand in the
decal cification solution overnight, and eventually rinsed for 30 minin each of thefour bathscontaining 0.1 M phosphate
buffer at pH 7.4. Fixation was carried out in two baths of 40 mmol/l OsO,, solution in phosphate buffer at pH 7.4.

Dehydration, immersion and embedding in Durcupan ACM foﬁowed the standard procedure. For light
microscopy, semi-thin sectionswere cut and stained with methylene blueand Azur 1. Ultrathin sectionswere made
on an LKB Nova ultramicrotome and stained with lead citrate or with uranyl acetate and lead citrate. The sections
were viewed and photographed in a Tesla BS 500 el ectron microscope.

Results

In the cartilage samples studied, three distinct layers (superficial, middle and deep), were
distinguished.

Submicroscopic structure of the superficial layer

In young adult animals, spindle-shaped chondrocytes, lying paralel to the surface,
comprised one or two layers (Plate I, Fig. 1). The chondrocytes were up to 15 pm long but
not more than 2 um thick. The nucleus was el ongated and measured about 4 um. Chromatin
was arranged to form severa large karyosomes adjacent to the nuclear envelope. The
cytoplasm, generally in small amounts, was accumul ated at both cell poles. It contained small
mitochondria, cisterns of the granular endoplasmic reticulum (GER) and a small Golgi
apparatus. Intermediate filaments were not observed. The cytoplasmic membrane, forming
numerousshort proj ections, extended into the surroundingintercellular matrix. Chondrocytes
situated close to the surface were seen only occasionally and, in these instances, their
projections extended under the chondrosynovial membrane (Plate |, Fig. 2).

The distinction of the extracellular matrix into pericellular and intercellular matrix, was
not very clear. In the magjority of cases, the pericellular matrix was narrow and the
intercellular matrix extended up to the cell membrane (Fig. 1). Small regionsclosetothecell
membrane on the side away from the surface were the only areas containing aperiodic
filaments. The intercellular matrix consisted of collagen fibres with a typical periodicity
(Fig. 2) situated parallel to the surface. On the surface of the articular cartilage there was
a chondrosynovial membrane composed of aperiodic fibrils (Fig. 2) accumulated close to
the surface and in the vicinity of chondrocyte projections. They formed bundles following
an oblique or paralel coursein relation to the surface (Fig. 2).

In regions showing signs of arthrosis, the surface layer had a different appearance.
Chondrocytes were found in asingle layer about 6 um under the surface and some evenin
direct contact with the joint cavity (Plate 11, Figs 3 and 4). They were spindle-shaped or
rounded (Fig. 4). Those located close to the articular surface showed signs of developing
necrosis. The nucleus was hyperchromatic with a blurred chromatin structure; the
cytoplasmic membrane was disintegrated, thus allowing the release of cell organelles, such
as mitochondria, outside the cell (Fig. 4).

However, the most prominent changes took place in the structure of intercellular matrix.
The chondrosynovia membrane disappeared (Fig. 3) and the collagen fibres situated under
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the surface layer of cells no longer maintained their periodicity (Figs 3 and 4). In the
amorphousground substancetherewere empty spacesoccasionally containing disintegrated
organelles (Fig. 4). The intercellular matrix, located under this region showing arthrotic
changes, had the usua structure.

Submicroscopic structure of the middle layer

Chondrocytesin the middle layer were seen asindividual cellsdistributed throughout the
extracellular matrix (Plate 11, Figs 5 and 6) and, only in deep parts of this layer, they were
arranged in pairs enclosed in alacuna. They were oval or spherical in shape (Figs 5 and 6).
The shape of the nucleus was similar to that of the cell. Chromatin was aggregated into
several large karyosomes|ocated at the nuclear envel ope. The zonula nucleum limitans had
atypica appearance. A nucleolus of the reticular type was aways present (Fig. 6). The
cytoplasm showed sparse, el ectron-dense mitochondria, frequent, dilated GER cisternsand
awell-developed Golgi apparatus with smooth, dilated cisterns and vesicles (Figs 5 and 6).
Glycogen deposits (Fig. 6) and bundles of intermediate filaments partially encircling the
nucleus (Figs 5 and 6) were conspicuous cytoplasmic inclusions. Lipid droplets were not
observed. In addition, crystalline inclusions either surrounded by GER cisterns (Fig. 5) or
located in the region occupied by intermediate filaments (Fig. 6) were observed.

Thecell membrane produced short projectionsextendinginto theintercellular matrix. The
pericellular matrix was incompletely developed and, therefore, chondrocytes were not
located in the usual lacunae (Figs 5 and 6). Consequently, their cell membranes were in
immediate contact with the intercellular matrix. Collagen fibrils with atypical periodicity
were interwoven in athick network (Fig. 6). Some of the fibrils were twice as thick asthe
others, and, in cross sections, they had an appearance of dark, rounded bodiessituated among
thinner fibrils (Fig. 6).

Submicroscopic structure of the deep layer

Chondrocytes in this layer were most often found in groups of two or three enclosed in
lacunae situated perpendicular to the cartilage surface (Plate 1V, Fig.7). They were crescent-
shaped and, in the lacuna, they were separated by a septum formed by pericellular matrix.
They were up to 4-8 umin size. The shape of the nucleuswas similar to that of the cell and
the nuclear envelope had, in some regions, deep invaginations (Fig. 7). Chromatin was
organized in several large karyosomes situated at the nuclear envel ope and was al so present,
as perinucleolar chromatin, close to the nucleolus that was reticular or ring-like in shape
(Fig. 7). In contrast to the chondrocytesin the surface- and middlelayers, glycogen granules
were diffusely distributed in the cytoplasm among large bundles of intermediate filaments
surrounding the nucleus; the cytoplasm also contained lysosomes. The cell membrane
produced numerous short projections that extended only into the pericellular matrix.

In the deep part of thislayer, another cell type was seen in addition to chondrocytes. The
appearance, cell shape and the number and location of projectionsindicated that these cells
weretypical fibroblasts. Each of these spindle-shaped cells, containing the nucleusand most
of the cytoplasm, formed several long projections involving organelles. The projections
were located among the large bundles of collagen fibrils that were in close contact with the
cell membrane (Fig. 8).

The extracellular matrix was differentiated into the pericellular and intercellular matrix
in the regions where isogenetic groups of chondrocytes were present. The perinuclear
matrix, when present, included aperiodic fibrils and thin collagen fibrils (Fig. 7). Itswidth
ranged between 1 and 2 pm. The intercellular matrix did not differ in either structure or
collagenfibril locationfrom thematrix inthemiddlelayer, except for the presence of alarger
number of dark granules among thefibrils (Fig. 7).
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Discussion

The ground amorphous substance with its fibrillar component, i.e., the extracellular
matrix, playsan important rolein the function of articular cartilagein synovial joints. Inthe
surfacelayer, itisresponsiblefor diding and lubrication and, in the middle and deep layers,
it facilitates resistance to mechanical forces and their distribution onto the subchondral
bone. The cellular component of articular cartilage isinvolved in cartilage synthesis, afact
reported many years ago by Sheldon and Kimbal (1962) and Freeman and Kepson
(1973). The equine articular cartilage includes three layers, a finding also made in other
mammals (Palfrey and Davies 1966; Horky 1991ab, 1994ab and others). The
observationsreported here arein agreement with theresultsobtained by M odlI etal. (1991)
on the basis of magnetic resonance examination and also with our previous findings made
in articular cartilage of several mammalian species studied by transmission electron
microscopy (Horky 1980; Ghadially 1983; Bozdéch etal. 1990; Horky 1994 ab).

Our observations on the chondrosynovial membrane in the horse as well as in other
mammals that have been studied previously, are also in accordance with the findings of
Wolf (1975), Stockwell and M eachim (1979) and other authors. Similar results were
also reported by Giles (1992) and Kamalanathan and Broom (1993). All these
findings give support to our view which disagrees with those of M cCutchen (1966) and
Maroudas (1973) who claim that the chondrosynovial membrane is produced by the
ultrafiltration of synovial fluid through the surface cartilage layer. In our opinion, based on
repeated observations (see above cited references), this structure is synthesized by the
bundles of aperiodic filaments, located either on or immediately below the surface of
articular cartilage, without their polymerization in typical collagen fibrils. This process
givesriseto amembrane, which isvery thick in the prenatal period and grows thinner with
increasing age, capable of ensuring the gliding of surfaces that, often under extreme
pressure, rub against each other (Cappuis et al. 1983; Swann et al. 1984; Hills 1990).
Thejoint surfacesarelubricated by synovial fluid, aproduct of synoviaocytes, inwhichthe
most effective component islubricin. Inanintact articular cartilage, synovial fluidisableto
reduce the friction coefficient to 0.01.

The chondrosynovial membrane grows thinner with ageing and the number of collagen
fibrils in the intercellular matrix increases. These fibrils are responsible for cartilage
elagticity, while proteoglycans in the amorphous ground substance are responsible for
resistance to mechanical forces. Our findings of fibril arrangement in this study
corresponded well with the observationsby Bloebaum and Wilson (1980) and Clark
(1990) as well as with our results from previous investigations carried out in severa
mammalian species during prenatal and postnatal periods (Horky 1986, 1987, 1989,
1991ab, 1993ab, 1994 ab). The superficial layer has been found to contain bundles of
aperiodic fibrils varying in width and length. In the horse, the bundles were not as large as,
for instance, in the goat (Horky 1994 b), which was obviously due to bundle loosening.
Other authors have also paid attention to this structure sinceit plays an important rolein the
synthesis of the fibrillar component of articular cartilage (Broom 1986; Clark 1990;
Jeffery etal. 1991; Hedlung et al. 1993).

The surface layer of articular cartilage in some regions had a different appearance,
showing signs typica of arthrosis (Horky 1980; Ghadially 1983; Bozdéch et al.
1990). This was not an unusual finding because Wiltberger and Lust (1975) and
Grondalen (1974abcd) have reported this feature in dogs and pigs under various
conditions and after experimental treatment. Similar changes were described by Bibb and
Robinson (1993) in primates undergoing repair after artificial defects of articular
cartilage.
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The structure of the middle layer of articular cartilage in horses was similar to that
described in other mammalian species (Gilmore aPalfrey 1988; Horky 1989, 1991ab,
1994 ab). However, there were some differences such asthe accumul ation of larger amounts
of glycogen in some chondrocytes and the presence of crystals, possibly proteinaceousin
nature, whose origin and structure were not analysed. Also the arrangement of the fibrillar
component of the intercellular matrix was different. The pericellular matrix was poorly
developed so that collagen fibrils came into direct contact with the cell membrane of
chondrocytes; this has also been observed in the feline articular cartilage (Horky and
Tichy 1995). Collagen fibrilsdid not encircle chondrocytesasin cattle (Horky 1993) or
humans (Horky 1993).

The deep layer of articular cartilage showed a structure similar to this layer of articular
cartilage in other mammals (Hedlung et al. 1993; Horky 1991c, 1993a, 1994b).

Submikroskopicka struktura kloubni chrupavky koné

Byla studovéana kloubni chrupavka kolenniho a hlezenniho kloubu 4 jedinci samciho
pohlavi stafi 2 a 8 rokil. Vzorky chrupavky byly odebrany pro transmisni elektronovou
mikroskopii ze z4t€Zové oblasti a chrupavka byla zpracovéna obvyklym zpiisobem.

Bylo zjisténo, Ze v povrchové vrstvé chrupavky obou vékovych kategorii jsou chondrocyty
vietenovitého tvaru uloZeny v rizné hloubce paraleln€ s povrchem. U koné stafi 8 roki se
objevuji zndmky artr6zy, napt. demaskovani bunék, které se dostivaji do kontaktu s kloubni
dutinou, vymizeni chondrosynovidlni membrany, $t€rbiny v mezibunéné hmoté a ojedinéle
nekréza bunék. V jejich blizkosti dochdzi ke zhrubnuti kolagennich vlaken.

Ve stiedni vrstvé se vyskytuji chondrocyty jednak ovalného tvaru, uloZzené v mezi-
bunécné hmot€, s tzkou periceluldrni matrix, jednak buiiky okrouhl€é s kratkymi vybézky,
zasahujicimi do interceluldrni matrix. V obou typech bunék jsou v jejich cytoplazmé kromé
bunécnych organel, gykogenu a svazki intermedidrnich filament uloZeny krystaly
pravdépodobné bilkovinného pitvodu podoby kosoctverce, kosodélnika nebo lichobéZnika.

Hluboka vrstva je tvofena isogenetickymi skupinami chondrocytt, které jsou usporadany
do fad kolmo k povrchu chrupavky. Buiiky jsou uloZeny v lakunéch s izkym periceluldrnim
prostorem. Cetné vyb&zky zasahuji az do intercelularni matrix. V cytoplazmé jsou niapadné
svazky intermedidrnich filament, které obkruzuji jadro. V sousedstvi s tide mark se
vyskytuji i fibrocyty. Mezibuné¢nd hmota je tvofena v této oblasti mohutnymi svazky
kolagennich fibril.
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Plate 1
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Fig. 2. Projections of chondrocytes in the superficia layer (cp), bundles of aperiodic fibrils (a),
chondrosynovia membrane (), collagen fibrils (c). Magnification x 40 000.



Plate IT

Fig. 3. A chondrocyte on the surface of articular cartilage (C). Bundles of thickened collagen fibrils with
indistinct periodicity (c), cell organelles from disintegrated cells (0), damaged chondrosynovial membrane
(). Electron-transparent areas in the intercel lular matrix (e). Magnification x 12 000.
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Fig. 4. Necrotic chondrocytes in the superficial layer (C), impaired organelles released from disintegrated
cells (0), damaged chondrosynovial membrane (-). Magnification x 16 000.



Plate IIT

Fig. 5. A chondrocyte (C) with the nucleus (N), dilated GER cisternae (E), glycogen (g), loose ribosomes(r),
crystals (cr), collagen fibrils (c). Magnification x 16 000.

Fig. 6. A chodrocytein theintermediate layer with the nucleus (N) and nucleolus (n). Dilated GER cisternae
(E), bundles of intermediate filaments (f). Glycogen deposits (g), a crystal (cr). Collagen fibrils (c) in the
vicinity of the cell membrane. Magnification x 17 000.



Plate IV

Fig. 7. A pair of chondrocytesin the deeplayer. Nucleus(N), nucleolus (n), Golgi complex (G), thick bundles
of intermediate filaments (f), glycogen deposits (g). Pericellular (pm) and intercellular (im) matrix.
Magnification x 12 000.

Fig. 8. A fibrocyte from the region close to the tide mark. Nucleus (N), mitochondria (M), long cytoplasmic
projections (cp) among bundles of collagen fibrils (c). Magnification x 12 000.



