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Short Communications

The Uptake of [45CajCalcium Ions by Matrix Vesicles Isolated from Calcifying Cartilage
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Extracellular membranous matrix vesicles, which contain various phosphatases and ap-
pear to initiate hydroxyapatite formation in growth cartilage, were isolated and incubated
with 45Ca2+ and shown to form mineral in the presence of ATP. There is enhanced calci-
fication in the presence of serum and under alkaline conditions.

The sequence of biochemical events responsible
for the mineralization of cartilage and its subsequent
transformation into cancellous bone has not yet been
fully elucidated (McLean & Urist, 1968). Earlier
work indicated the importance in the matrix of alka-
line phosphatase (Robison, 1932), collagen fibres
(Glimcher & Krane, 1968), phospholipids (Irving &
Wuthier, 1968) and protein-polysaccharides (Bow-
ness, 1968), but there is as yet no unified concept that
relates all these diverse participants in the mineraliza-
tion process.
A significant contribution was made by the

electron-microscopic observations by Bonucci (1967,
1970) and Anderson (1967, 1969), who noted that the
longitudinal septa of epiphysial cartilage contain
extracellular membranous matrix vesicles (lOOnm in
diameter), and the very first crystals of hydroxy-
apatite are associated with these vesicles. Similar
vesicles have been seen in immature bone, dentine
(Bernard, 1969, 1972) and calcifying aorta (Kim &
Huang, 1971). Electron-microscopic histochemistry
indicated that these matrix vesicles were not lyso-
somes, as they do not react for acid phosphatase, but
in fact contain alkaline phosphatase and adenosine
triphosphatase (Anderson et al., 1970; Matsuzawa
& Anderson, 1971).

Selective enzyme digestion of cartilage and
centrifugal fractionation permit the isolation of
intact extracellular matrix vesicles, devoid of signi-
ficant cellular or matrix-component contamination
(Ali et al., 1970). Biochemical characterization
showed that the vesicles contained most of the alka-
line phosphatase, adenosine triphosphatase and pyro-
phosphatase activity of the epiphysial cartilage. It
was postulated that matrix vesicles, by virtue of their
enzyme content, membranous nature and location in
cartilage, might initiate calcification (a) by increasing
the PI concentration locally by hydrolysis of appro-
priate substrates, (b) by generating energy by the
hydrolysis of ATP to provide an active transport of
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ions inside the lumen of the vesicle for the formation
of hydroxyapatite and (c) by acting on PP1, which is
considered to be an inhibitor of calcification (Ali
et al., 1970, 1971).
To test these hypotheses we decided to study the

uptake of 45Ca2+ into isolated matrix vesicles from
rabbit epiphysial cartilage and to determine the
various conditions involved in the mineralization
process and endochondral calcification.

Matrix vesicles were isolated from young (about
1 month old, 1 kgbodywt.)NewZealand RedorWhite
rabbit epiphysial cartilage as described in detail else-
where (Ali et al., 1970) except that 4h digestion of
cartilage by collagenase at 37°C was found to be
sufficient. Pooled centrifugal fractions 4, 5 and 6,
sedimentating between 40000g for 20min and
150000g for 130min at 4°C(MSE Super 50 centrifuge,
angle rotor, ray. 5.84cm) were used as a source of
matrix vesicles. These combined fractions contained
40-60% of the total cartilage alkaline phosphatase
activity with a specific activity about 10-20 times that
of the original digest. Chemical and enzyme assay
methods were as described previously (Ali & Evans,
1969; Ali et al., 1970).
For 45Ca2+-uptake studies isolated matrix vesicles

(about 0.3mg on a protein basis) were incubated in
0.95ml of a defined medium TC 199 (Wellcome Re-
search Laboratories, Beckenham, Kent, U.K.) to
which was added 0.04ml of 45CaCl2 (3.5,uCi; 1.6/Ag
of Ca2+; The Radiochemical Centre, Amersham,
Bucks., U.K.) and 0.26ml of 0.25M-Tes [N-tris-
(hydroxymethyl)methyl - 2 - aminoethanesulphonic
acid] buffer, pH7.4, at 370C (final concns. Ca2+
1.6mM, Pi 0.8mM). Unless mentioned otherwise,
5mi-ATP and MgCI2 were included. Where men-
tioned, 0.25ml of fresh serum, obtained from the
same young rabbits as the cartilage matrix vesicles,
was substituted in place of 0.25ml of medium
TC 199. This mixture was then incubated at 370C for
2h. After incubation, 1.25ml of medium TC 199 was
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added, mixed, and a sample (1.5ml) was withdrawn
with a syringe and immediately filtered through a
100nm-pore-size Millipore filter (25mm diameter).
The radioactivity of the diluted incubation mixture

(pre-filtrate) and of the filtrate were analysed by tak-
ing duplicate 0.05ml samples, diluting with 0.2ml of
water and adding 10ml ofthe dioxan-based scintillant
NE250 (Nuclear Enterprises, Edinburgh, U.K.). The
radioactivities of the vials were counted in an
NE8312 automatic scintillation spectrometer. The
45Ca2+ uptake was calculated on the basis ofthe differ-
ence between the radioactivities in the pre-filtrate and
filtrate and expressed as a percentage of the radio-
activity in the pre-filtrate. Two other methods were
also used to confirm this experimental approach, by
direct assay of radioactivity on the filter and by centri-
fugal sedimentation after two washings.

Martonosi & Feretos (1964), in their experiments
on the uptake of 45Ca2+ by isolated sarcoplasmic-
reticulum fragments, used Millipore filters with an
average pore size of450 to 300nm. An experiment was
therefore done, under the conditions described above,
to determine the filter of the right pore size to retain
the matrix vesicles. Alkaline phosphatase was used
as a marker for matrix vesicles, and the percentages
of total enzyme activity retained on filters of different
pore sizes were as follows: 100nm, 98%; 220nm,
49%; 300nm, 40%; 450nm, 16%; 650nm, 13%;
800nm, 3%; 8000nm, 4%. It was therefore decided
to use 100nm-pore-size filters for uptake studies. The
total retention of matrix vesicles on 100nm-pore-size
filters was a clear confirmation of the diameter of
matrix vesicles, which has been indicated by electron
microscopy to be about lOOnm (Anderson, 1969; Ali
et al., 1970; Bonucci, 1970).

In preliminary experiments it was noticed that the
uptake of 4'Ca2+ by matrix vesicles was variable, and
this was ascribed to poor buffering by the carbonate
buffer system in medium TC 199, because the hydro-
lysis ofATP tended to lower the pH. With improved
buffering of the medium (Tes) it was found that the
uptake of45Ca2+ by matrix vesicles, in the presence of
serum and ATP, is highly dependent on the pH.
There is little or no uptake at or below pH7.2 (at
37°C) and the uptake rises rapidly above this pH
(Fig. 1). Howell et al. (1968) have demonstrated by
micro-puncture studies that the extracellular fluid of
epiphysial cartilage has pH7.58, and thus matrix
vesicles seem to have the right environment in the
longitudinal septa for rapid hydroxyapatite forma-
tion. Our studies therefore further stress the import-
ance of alkaline conditions for the mineralization
process, as emphasized by others (Howell et al.,
1968; Brookes et al., 1970; Barzel, 1970; Bernstein
et al., 1970; Bassett, 1971).
The uptake of 45Ca2+ by the matrix vesicles could

be prevented by preheating the matrix vesicles at
80°C for 15min (Table 1 and Fig. 1). When matrix

vesicles were preheated at a range of temperatures
(4-80°C) therewas a rapid loss of45Ca2+ uptake above
50°C, and this paralleled closely the inactivation of
alkaline phosphatase activity of the vesicles. When
the uptake was measured at various temperatures
there was a maximum between 370 and 40°C. There
was no uptake at 4°C, thus ruling out mere binding
of 45Ca2+ to phospholipids etc. The uptake of 45Ca2+
was proportional to the matrix-vesicle concentration
and to the time of incubation at 37°C. Preliminary
electron-microscopic studies of the Millipore mem-
brane, after filtration and 45Ca2+-uptake experiment,
indicate an increase in the hydroxyapatite-like
microcrystals associated with the matrix vesicles,
which form a layer on the filter. There was no uptake
of 45Ca2+ by the vesicles after ultrasonic disruption
for 4min, and this implied that the integrity of the
membranous structure was important for apatite
formation (Table 1). There was complete inhibition of
45Ca2+ uptake in the presence of 10mM-cysteine,
which has been shown to be an inhibitor of alkaline
phosphatase (Agus et al., 1966), although cysteine
may also be acting as a chelator of essential ions. The
enhancement of 45Ca2+ uptake by the matrix vesicles
in the presence of a small amount of serum (Table 1)
may imply a role for humoral factors in the minerali-
zation process. Serum may thus provide additional
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Fig. 1. EffectofpHon45Ca2+ uptake bymatrix vesicles

Isolated matrix vesicles were incubated in a defined
medium containing 45Ca2+, ATP and serum, at
various pH values, for 2h at 37°C. Uptake of 45Ca2+
was measured by the filtration method as described in
the text. The results are expressed as the percentage
of total radioactivity retained on the filter calculated
from the difference between the filtrate and pre-
filtrate. e, Fresh matrix vesicles; o, heated (80°C for
15min) matrix vesicles.
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Table 1. Effect ofATP and serum on the uptake of45Ca2+ by matrix vesicles

Isolated matrix vesicles were incubated in a defined medium containing 45Ca2+ at 37°C for 2h. Uptake of 45Ca2+
was then measured by either filtration or centrifugation as described in the text. The results are expressed as the
percentage of total radioactivity (a) retained on the filter or (b) found in the sediment after centrifugation. The
averages of two experiments are given.

With heated
Without matrix (80°C for 15min) With fresh

vesicles matrix vesicles matrix vesicles
(a) Filtration method:

Incubation medium+5mM-ATP 6.7 2.3 50.0
Medium+serum+5mM-ATP 6.9 5.3 57.1
Medium+serum (no ATP) 5.4 5.4 13.5
Matrix vesicles disrupted by ultrasonic - 4.6 8.0

treatment +serum+5mM-ATP

(b) Centrifugation method:
Incubation medium+5mM-ATP 0.1 1.5 8.9
Medium+serum+5mM-ATP 0.1 0.7 14.1
Medium+serum (no ATP) 0.1 0.2 0.4

substrates for the enzymes and perhaps essential
vitamins and hormones.
The uptake of 45Ca2+ by matrix vesicles was pro-

portional to the concentration of ATP between 0.1
and 5mM. This substantiated our postulate that the
formation of Pi by the hydrolysis of ATP by the
adenosine triphosphatase present in the matrix
vesicles increases the ion product [Ca2+] [HP042-]
and facilitates calcification (Anderson et al., 1970;
Ali et al., 1970). However, the lack of apatite forma-
tion in the presence ofATP after the vesicles were dis-
rupted by ultrasonic treatment, without loss of alka-
line phosphatase activity, suggests that the uptake of
45Ca2+ by matrix vesicles may be an active process,
dependent on the energy provided byATP hydrolysis,
as has been shown to be the case for sarcoplasmic
reticulum (Hasselbach & Makinose, 1960; Martonosi
& Feretos, 1964), isolated peripheral-nerve vesicles
(Lieberman et al., 1967) or the Ca2+-concentrating
potential of mitochondria (Lehninger, 1970;
Matthews et al., 1968). Cartier (1952) and Cartier &
Picard (1955) first showed the importance ofATP and
adenosine triphosphatase in calcification of cartilage.
Alkaline phosphatase is now known to hydrolyse
ATP, PP1 and other simple phosphate esters
(Femley & Walker, 1967; Jibril, 1967; Russell et al.,
1972), and interest in the role of phosphatases in
calcification has been reawakened. Alkaline phospha-
tase, adenosine triphosphatase and pyrophosphatase
are localized in membranes of matrix vesicles, and
membrane-bound particles have been shown to have
the potential for concentrating, selectively, specific
cations. Given the fact that alkaline phosphatase
gets phosphorylated during the hydrolysis of its
substrate (Femley & Bisaz, 1968) and that it is mem-

brane-bound, it is possible that the structure of the
matrix-vesicle double-membrane may be important
in promoting apatite formation.
Our experiments with isolated matrix vesicles from

epiphysial cartilage demonstrate that these extra-
cellular membranous particles appear to form
hydroxyapatite under physiological conditions in
the presence of ATP. There is enhanced calcification
in the presence of dilute serum, and the mineral
formation increases rapidlyunder alkaline conditions.
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