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Summary

The cartilage changes occurring during skeletal mineralisation in young horses were investigated by histological, ultrastructural, histocherni-
cal, in situ hybridisation and immunolocalisation techniques. Alkaline phosphatase was detected in the proliferative and hypertrophic zones
of growth cartilage. Ultrastructurally alkaline phosphatase was seen on cell surface membranes and concentrated into matrix vesicles, the
putative sites of mineralisation within cartilage. Type X collagen was only detected associated with the terminally differentiated hypertrophic
chondrocytes adjacent to the newly forming subchondral bone.
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Mineralisierung des Skeletts wahrend des Wachstums der langen GliedmaBenknochen bei jungen Pferden

Mit Hilfe von histologischen, elektronenoptischen und histochemischen Methoden ebenso wie durch in situ Hybridisation und immunologi-
sche Techniken wurde die Knorpelentwicklung wahrend der Mineralisation des Skelettes bei Fohlen untersucht.

In den proliferativen und hypertrophen Zonen des Wachstumsknorpels kommt die alkalische Phosphatase vor. Nach dem elektronenopti-
schen Bild liegt sie an den Membranen der Zelloberflache, besonders konzentriert aber in den Matrixvesikein, dem vermutlichen Ausgangs-
punkt der Knorpelmineralisation. Typ X Kollagen konnte allein in der Endzone der sich differenzierenden hypertrophen Chondrozyten in Ver-

bindung mit dem neugebildeten subchondralen Knochen nachgewiesen werden.

Schitisselwérter: Mineralisation, Knorpel, alkalische Phosphatase, Kollagen

Introduction

Long bone growth in horses continues for up to 5y, during
which time a number of developmental orthopaedic pro-
blems can occur (e.g dyschondroplasia, physitis, angular
limb deformities, subchondral cystic lesions, flexural defor-
mities and cuboidal bone malformation) (Mcliwraith 1986,
Jeffcott 1991). These conditions are considered to be di-
sturbances of endochondral ossification i.e. the process of
converting hyaline cartilage into bone (Poo! 1993). However
the pathogenesis of these conditions is poorly understood
because there is a paucity of basic information on normal
skeletal mineralisation and hypertrophic chondrocyte meta-
bolism in the horse.

The aim of this study was to investigate the histology and
ultrastructure of normal growth cartilage in growing horses
and to establish whether the enzyme alkaline phosphatase
(ALP) or collagen type X are markers for incipient minerali-
sation in the horse.

Materials and methods
Animals

Samples for histological, histochemical, in situ hybridisa-
tion and immunolocalisation experiments were collected

360

from 40 horses and ponies ranging in age from 90 days
fetus to 12 years. Samples for ultrastructural examination
were taken from 3 Thoroughbred foals: one 157 day fetus,
one 4 months old and one 18 months old. The animals
were humanely destroyed with an overdose of intravenous
barbiturate. At postmortem examination all limb joints we-
re examined and found to be free from any gross articular
cartilage lesions.

Samples

Full thickness cartilage samples were harvested from
the lateral trochlear ridge of the distal femur. In addition
cartilage was harvested from the distal radial growth
plate, the proximal humerus, the proximal phalanges
and the intermediate ridge of the distal tibia for ALP hi-
stochemistry. All samples (except for electron microsco-
py) were snap frozen and 7pm sections cut on a
cryostat.

Histological examination

Cartilage sections were routinely strained with Haematoxy-
lin and Eosin to demonstrate the normal architecture of the
tissues.
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Histochemistry

Sections were fixed in 4% paraformaldehyde for 20min
and washed in PBS. ALP activity was detected using a
substituted naphthol reaction following the method des-
cribed by Bancroft (1982). Sections were incubated in
2mM napthol AS-BI phosphate, 4mM Fast Red in N:N-
dimethylformamide in 0.1M Tris buffer (pH 8.1) for 5 min
at 37°C. As controls, sections were treated with 4mM le-
vamisole in 0.1M Tris buffer (pH 8.1), washed and reac-
ted as above.

Immunolocalisation

Sections were fixed in 4% paraformaldehyde for 20 min
and washed in PBS. Immunolocalisation was performed
using a monoclonal anti chick type X collagen antibody (di-
luted 1:100) and indirect immunolocalisation as described
by Davies et al. (1991). Controls were performed in which
the primary antiserum was replaced with an irrelevant mo-
noclonal antibody.

In situ hybridisation

Type X mRNA was detected using a cDNA clone (pERX)
corresponding to a 328bp fragment of the C-terminus of
human type X collagen (Reichenberger et al. 1991). In situ
hybridisation was performed with 35-S labelled riboporobes
as described by Wilkinson (1992) and visualised with auto-
radiography.

Electron microscopy

Cartilage was fixed in 1% gluteraldehyde, 3% formalde-
hyde, 5% polyvinylpyrrolidone and 2mM calcium chlori-
de in 0.1M PIPES buffer (pH 7.4). ALP activity was de-
monstrated using the method described by Lewis and
Knight (1992), using lead citrate as the capturing agent.

Results

Histological examination

Equine growth cartilage was shown to consist of three
layers of chondrocytes; resting, proliferative and hyper-
trophic. The depth of each zone depended on the age of
the animal; in young animals (< 4m) the proliferative zone
occupied two-thirds of the cartilage. This zone gradually
decreased in size with increasing age.

Histochemistry

ALP activity appeared as a red-pink precipitate apparently
restricted to chondrocytes within the hypertrophic zone.
Preincubation with levamisole abolished this staining.
ALP activity was revealed at the 3 sites in which minerali-
sation was taking place; in the articular/epiphyseal com-
plex and at either edge of the metaphyseal growth plate.
The number of ALP positive cells was related to the age
of the animal and the anatomical site studied. Activity was
high in animals < 6 months of age and declined there-
after. After growth plate closure, ALP activity was restric-
ted to a zone approximately 1 cell deep adjacent to the
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calcification front. Statistically significant differences be-
tween sites were found in both age groups (P<0.001 in
animals < 6 months of age, and P<0.005 in animals > 6
months of age). In all ages studied ALP activity was highest
in the metaphyseal growth plate of the distal radius and
lowest in the proximal phalanges.

Type X collagen immunolocalisation and in situ hybri-
disation

Type X collagen and mRNA was detected in the hyper-
trophic zone of cartilage in animals <1 y old. Type X
collagen was present in the pericellular matrix of terminal-
ly differentiated hypertrophic chondrocytes (i.e. those ad-
jacent to the newly-forming subchondral bone), but in a
more restricted pattern than mRNA. The depth of chon-
drocytes positive for type X collagen decreased with age,
with a maximum of approximately 10 cells deep in fetal
animals. No type X collagen was detected in animals >1
year of age.

Electron microscopy

Electron microscopy demonstrated the changes in chon-
drocyte appearance during the transition from a resting
to a hypertrophic phenotype. Mineralisation of the cartila-
ge was seen to begin with the formation of calcium preci-
pitates centred on matrix vesicles of the mid-hypertro-
phic chondrocytes and to increase through the late hy-
pertrohic zone. ALP activity was detected as an electron-
dense precipitate on the outer surface membrane and on
microvilli of chondrocytes from the mid-proliferative zone
through to the hypertrophic zone. Matrix vesicles were
seen to be budding off from the chondrocyte surface and
high ALP activity was detected in these organelles. In
some sections the matrix vesicles appeared to accumu-
late in the longitudinal septa of the cartilage before mine-
ralisation.

Discussion

in this study we have identified the presence of ALP and
type X collagen within growth cartilage and demonstra-
ted the ultrastructural changes that occur during minerali-
sation of this cartilage. Matrix vesicles have been identified
in cartilage undergoing mineralisation and have been seen
to be associated with the onset of calcium deposition.
Type X collagen has been shown to be a good marker of
incipient bone formation; it is only detected in association
with the terminally differentiated hypertrophic chon-
drocytes as has been reported in other species (Kielty et
al. 1985, Schmid and Lisenmayer 1985, Kwan et al.
1989). The distribution of type X collagen and mRNA in-
dicated post-transcriptional regulation of type X collagen
expression. ALP has been shown to be associated with
both proliferative and hyertrophic chondrocytes and is
therefore a less specific marker for the process of mine-
ralisation (Thyberg and Friberg 1972, Ralphs and Ali
1986).
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Both type X collagen immunoreactivity and ALP activity
decline with age, reflecting the decrease in the rate of mi-
neralisation that occurs with increasing age. The exact
role of type X collagen in the mineralisation process is un-
known. It has been postulated that it may target extracel-
lular matrix for removal (Poole and Pidoux 1989), that it
may facilitate the spread of mineral through the extracel-
lular matrix (Morris et al. 1992) and that it may have a role
in a calcium channel mechanoreceptor within matrix ve-
sicles (Wu et al. 1992). Whatever the mechanism of its
action it appears to be intimately asociated with the on-
set of mineralisation. Similarly the role of ALP in minerali-
sation remains unknown despite having been associated
with the process since 1923 (Robison 1923). It is likely
that the enzyme is critically involved in the generation of
an increase in local phosphate concentration in regions
undergoing mineralisation, thereby aiding the formation
of stable mineral deposits.

The findings described in this study provide baseline data
on the process of skeletal mineralisation during long bone
growth of young horses. This information should facilitate
detailed investigations into the pathogenesis of develop-
mental orthopaedic diseases.
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