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Abstract. Extracellular matrix vesicles (MVs) are associ- collagen calcification appear to be concurrent [9, 13], the pro
ated with initial calcification in a variety of tissues, but the cesses may be distinct. The precise mechanism of MV
mechanisms by which they promote mineralization are nomediated calcification remains unclear, although studies usin
certain. In this study, MVs isolated from fourth passage ratiposomes as MV models have indicated that apatite cryste
growth plate chondrocyte cultures were included within aformation is facilitated by providing a protected enclosure with
gelatin gel into which calcium and phosphate ions diffusechigh phosphate content (as may exist in MVs) into which
from opposite ends. In this gel, apatite formation occurs bycalcium ions are transported [14—-17]. It has been hypothesize
3.5 days in the absence of mineralization promoters, allowthat there is a specific interaction among the calcium ions
ing measurement of the ability of different factors to acidic phospholipids, and proteolipids in the liposome or
“nucleate” apatite before this time or to assess the effectdlV membrane which facilitates apatite formation [18]. As

of molecules which modulate the rate and extent of minerathe crystals form and proliferate within this liposome model
deposition. Mineral ion accumulation and crystal type areof MV, they penetrate the liposome membrane, and thel
assayed at 5 days. In this study, MV protein content in thecontinue to grow in the extraliposomal environment [14—
central band of a 10% gelatin gel was varied by including18].

100 ul of a Tris-buffered solution containing 0—-3Q@/ml It has also been suggested that MVs may facilitate min.
MV protein. There was a concentration-dependent increaseralization by providing enzymes required for the mineral-
in mineral accretion. Whereas 1@ MV protein in the gel ization process [19]. Enzymes such as alkaline phosphatas
did not significantly promote apatite formation as comparedCa/Mg ATPase, and NTP-pyrophosphohydrolases can ir
with vesicle-free gels, 20 and 30y MV protein in the gel  crease local phosphate concentrations and/or remove phc
did promote apatite deposition. Inclusion of 10 niMylyc-  phate esters and pyrophosphates that inhibit mineral forme
erophosphate in the gels, along with MVs, did not signifi- tion and growth [20]. Other enzymes, such as the metallo
cantly increase apatite formation despite the demonstrablgroteinases [19, 21, 22], can alter the composition anc
alkaline phosphatase activity of the MVs. In contrast, MVsstructure of the extravesicular matrix in such a way as tc
at all concentrations significantly increased apatite accumufacilitate mineral crystal proliferation.

lation when proteoglycan aggregates or ATP, inhibitors of Preliminary data presented at the Fifth International
apatite formation and proliferation, were included in the gel.Conference on Matrix Vesicles and Cell-Mediated Calcifi-
Slight increases in calcium, but not phosphate accumulagation [23] suggested that MVs at a concentration estimate
tion, were also noted when an ionophore was included witho be that present in the growth plate could overcome inhi
the MVs to facilitate Ca ion transport into the vesicles. bition of calcification by proteoglycan aggregates and ATP,
FT-IR analysis of the mineral formed in the vesicle- but were unable to promote mineralization per se. Reicent

containing gels revealed the presence of a bone-like apatitgivo studies using a rat tibia marrow ablation model dem-
These data suggest that MVs facilitate mineralization byonstrated that calcification of the healing bone correlatec
providing enzymes that modify inhibitory factors in the ex- with a high density of MVs [24], indicating that concentra-

tracellular matrix, as well as by providing a protected en-tions of these extracellular organelles may be an importan

vironment in which mineral ions can accumulate. variable. In the present study, we extend our analysis of th
role of action of MVs in the mineralization process by ex-

Key words: Mineralizationin vitro — Matrix vesicles — amining the ability of intact MVs to promote calcification in

Apatite — Proteoglycans — Chondrocyte. a gelatin gel system. Thim vitro model, which requires

only a small amount of isolated MVs, has previously been
used to demonstrate that acidic phospholipids [25], low con
centrations of phosphophoryn [26], biglycan [27], and bone
sialoprotein [28] are mineralization promoters, whereas os
Extracellular matrix vesicles (MVs) are associated with ini- t€opontin [29], dentin sialoprotein [28], high concentrations
tial calcification in calcifying cartilage [1, 2], membranous ©f Phosphophoryn [26], and aggrecan [25] are mineraliza
bone [3], mantle dentin [4], and dystrophic calcification [5, tion inhibitors.

6], as well as in chondrocyte [7-9] and osteoblast [10-12
cultures. Although in many of these instances, MV and

aterials and Methods
Chondrocyte Cultures

— The culture system used in the study has been described in det:
Correspondence taB. D. Boyan elsewhere [30]. Rib cages were removed from 125 g Sprague
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Dawley female and male rats under an Institutional Animal Care-mM glucose, and 635 mM sucrose) and solution B (2 mM CaCO
and Use Committee-approved protocol and placed in Dulbecco’'sn 18 mM Tris buffer at pH 7.5)*°Ca (5 ul of 1 pn.Ci/ml) was
modified Eagle’s medium (DMEM). The reserve zone (restingincluded in each experiment. Controls were prepared to have th
zone, RC) and growth zone (prehypertrophic and upper hypertrosame solution concentrations affCa activity, but contained no
phic, GC) were separated, sliced, and incubated overnight itMVs. At selected time points, 100l aliquots were removed, and
DMEM at 37°C in an atmosphere containing 5% £&hd 100%  any mineral associated with the MVs was collected by filtration
humidity. DMEM was replaced by two 20-minute washes in onto 0.45um Millipore filters using a Millipore 1225 sampling
Hank’s balanced salt solution (HBSS), followed by sequential in-unit (Millipore, Inc., Philadelphia, PA). Dry filters were mixed
cubations in 1% trypsin (Gibco Laboratories, Grand Island, NY)with Aquasol scintillant and the time-dependéfCa accumula-
for 1 hour and 0.02% collagenase (Type Il, Worthington Bio- tion was monitored. Each time point was sampled in duplicate, an
chemical Corporation, Freehold, NJ) for 3 hours. All enzymesresults from four separate experiments with equivalent concentre
were prepared in HBSS. Cells were separated from debris by filtions of MVs were combined. In some experimerft¥Ca was
tration through 40-mesh nylon, collected by centrifugation at 500excluded and the Ca content was determined by flameless atom
x g for 10 minutes, resuspended in DMEM, and plated in T75absorption using a Perkin Elmer model 5500 spectrometer (Nor
flasks (Falcon, Becton, Dickinson Labware, NJ) at a density ofwalk, CT). For these analyses, the filters were hydrolyzed in 1 N
10,000 cells/crh for resting zone cells or 25,000 cells/érfor HNO,.

growth zone cells. Cultures were incubated in DMEM containing

10% fetal bovine serum (FBS) (Gibco) and pg/ml vitamin C.

Media were changed at 24 hours and then at 72-hour intervals. At

confluence, cells were subcultured using the same plating densitie@ineral Formation in a Gelatin Gel

and allowed to return to confluence. Fourth passage cells were

used for these investigations, since prior studies had shown thafineralization was monitored in a double diffusion system [25], in
differential response to vitamingmetabolites is preserved at this \yhich Tris-buffered C& (100 mM) and HPQ~ (100 mM) ions
passage [30-36]. flow separately from opposite directions into a 10% gelatin gel
(Bloom gelatin, Fisher Chemical, Springfield, NJ) contained in
6-cm segments of 10 cc polystyrene disposable tubes (Fishe
Isolation of Matrix Vesicles Chemical). In the absence of nucleators, promoters, or inhibitors
apatite formation occurs 1.35 ml from the Ca entry side when the

Matrix vesicles were isolated from chondrocyte cultures by differ-C& X PQ concentration reaches 5.5 mMThis occurs approxi-
ential centrifugation of trypsin digests of the cell layer [30, 32]. At mately 3.5 days after the diffusion of fluids is begun. Changes ir
harvest, the conditioned media were decanted and the culturdge rate or amount of Ca and phosphate (P) accumulated at tt
trypsinized (1% in HBSS). The reaction was stopped with DMEM precipitant line when materials are incorporated into the gel indi-
containing 10% FBS, and the cells were separated from the dige§@te Whether the materials are nucleators, promotors, or inhibitor
supernatant by low-speed centrifugation. The digest supernata%ap?‘“te formation, crystal multiplication, and crystal growth. If
was further centrifuged for 10 minutes at 13,00@ o pellet a there is an increase in accumulated mineral, the materials are pri
fraction containing mitochondria, large membrane fragments, andotors, and may be nucleators. A delay in the formation of apatite
other cellular organelles, and for 1 hour at 100,0ate pellet the O & decrease in the amount of mineral accumulated at the precip
matrix vesicles. Plasma membranes were isolated from homod@nt line is an indication that the incorporated materials are inhibi-
enates of the cell pellet by differential and sucrose density cenl0’S- . . . .
trifugation [30, 32]. Matrix vesicles and plasma membranes were Matrix vesicles were included in 10@bands at the site of the
stored resuspended in 1.0 ml saline, and JD@ere reserved for (uture precipitant band by mixing 50l of a 2x MV suspension or
determination of protein content and alkaline phosphatase activityPuffer (control) with 50l 20% gelatin and sandwiching the mix-
The protein content of the MV and plasma membrane preparation§!ré between two layers of 10% gel. The resultant MV ba})nds
was determined using the method of Lowry et al. [37]. Alkaline contained 10, 20, or 3Q.g MV protein. Gels contained 0.01%
phosphatase specific activity of each membrane preparation we9dium azide or 1% of a penicillin/streptomycin stock containing
assayed [38] to ensure that MVs exhibited greater than a twofold0 mg/ml penicillin and 10 mg/ml streptomycin sulfate (Gibco) to
enrichment over their respective plasma membrane fractiongr€vent bacterial growth. The gels were mounted on an apparatt
[30-36]. at circulated the external solutions at a constant rate [29]. Eac
Most assays performed in this study used MVs isolated fromeXperiment had six types of gels, each in triplicate (double-
growth zone chondrocyte cultures due to the greater numbers dfiffusion experimental and control gels, and Ca and, Bigle-
MVs that could be isolated from these cultures in comparison witrdiffusion experimental and control gels), for assessment of ior
reserve zone chondrocyte cultures (8.5 + 0.3 versus 3.9 f.6.7 accumulation due to diffusion or entrapment in the MVs. Each
proteinful membrane suspension, GC versus RC), as well as thé/Pe of experiment was repeated at least three times. Experimen
higher alkaline phosphatase specific activity of the MVs producedVereé used to address questions related to the proposed mechani
by the growth zone cells (123.0 + 14.0 versus 40.5 +Gnole  Of action as indicated below. . .
P./mg protein/minute, GC versus RC). Following determination of__G€lS were monitored visually to determine whether a precipi-
protein content and alkaline phosphatase activity, the MVs werd@nt band, indicating mineral formation, was detectable earlier thai
pelleted by centrifugation at 100,000g<and transported on dry -2 days, and the mineral yields at 3.5 and 5 days were determine
ice. Prior to calcification assays, samples were resuspended in tHB S0me experiments, the mineral content of the precipitant ban

; ; i s analyzed by wide angle X-ray diffraction using Gukadia-
282{&?{'6% solutions and gels as described below, based on pmtét?{(?n or by FT-IR spectroscopy of KBr pellets. For the diffraction

studies, excess gelatin was removed by melting the gel at 55°C
For FT-IR, 200u.g of lyophilized material was mixed with 100 mg
of KBr and spectra recorded on a Mattsen spectrometer (Madisor
Demonstration That Matrix Vesicles Can Accumulate Calcium  WI) at 4 cni™ resolution, 256 scans per spectrum. For analysis of
Ca and P accumulation, gels were sliced into 0.3 cm bands, witl
To verify that the MVs isolated from culture and used in the the precipitant band at the center; the slices were hydrolyzed in |
mineralization assays in the present study behaved similarly tt HCI and the Ca [40] and P [41] content were measured. The
those isolated directly from tissues with respect to calcium accuamount of mineral accumulated was calculated as the differenc
mulation, the methodology described by Valhmu et al. [39] wasbetween double-diffusion and single-diffusion gels. Results were
followed. Suspensions of MVs containing a final concentration ofalways compared to matrix vesicle-free controls run in the same
40 pg protein/ml were incubated in 2 ml of synthetic lymph, experiment.
consisting of equal volumes of solution A (102.7 mM NaCl, 10.3  To determine whether the ability of MVs to promote apatite
mM KCl, 4.7 mM KH,PQ,, 9.5 mM K,HP(Q,, 5.7 mM MgCl, 55.5  formation in the gelatin gel model was dependent on the state o
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Time (-hrs) ) . Fig. 2. Ca and P content of the precipitant band in gelatin gels
Fig. 1. #°Ca accumulation by matrix vesicles (MV) suspended in containing MVs. Matrix vesicle protein content was varied from 0
synthetic lymph. Aliquots were withdrawn at indicated times. Con-to 30 pg/gel. Samples were incubated for 5 days. Data are cor
trols received an equivalent volume of buffer in place of MVs. rected for ion accumulation in single diffusion gels. *Significantly
Values are mean + SD for three separate experiments, each different from matrix vesicle-free control (@g protein),P < 0.05,
which included three vesicle preparations per time point and thre@ased on Bonferroni’'s multiple comparisons test.
controls per time point. *Significantly different from control at
same time pointP = 0.05, based on Bonferroni’'s multiple com- . . . .
parisons test. Matrix vesicles caused a concentration-dependent in

crease in the Ca and phosphate content of the gelatin g

precipitant band at day 5 (Fig. 2). Ca accumulation was

o ] ] significant at the lowest concentration of MVs, whereas

chondrocyte maturatiom vivo, MVs isolated from both resting phosphate accumulation was significant only in gels con.
zone and growth zone chondrocyte cultures were examined. ining 30pg MV protein in the central band. No significant

To assess the role of MV phosphatases, the entire gel contain
either 10 mMB-glycerophosphateBGP) or the central band con- fferences were noted between control gels and gels cor

tained 1-3 mM ATP with or without MVs. The pH of the gel was taining MVs at 3.5 days. Matrix vesicles isolated from rest-
readjusted to 7.4 after mixing wifsGP or ATP and before adding 119 zone chondrocyte cultures at 1@/gel had no effect on
the MVs. All other conditions and assays were as above. In addiCa and P accumulation; however, at 20 andu8@gel, they
tion, to determine if the mixing of the MVs with gelatin at 42°C behaved comparably to MVs isolated from growth zone
had affected the MV alkaline phosphatase activity, some gelatithondrocyte cultures (data not shown).
slices were stained for alkaline phosphatase activity using L- The mineral formed at the precipitant line in all cases
naphthol phenyl phosphate as substrate [42]. _ ~was apatite, with crystallite size and perfection similar to

To test the hypothesis that MVs are important in removingthat in bone apatite, as demonstrated by X-ray diffractior
proteoglycan inhibitors surrounding theémsitu, proteoglycan ag- (not shown) and FTiIR (Fig. 3)

4 . 3).

gregate was included in the gelatin gel. The proteoglycan A1A Lo
fraction from bovine nasal cartilage [25] was kindly provided by . BGP had no effect on Ca on P accumulation in the pre:

Dr. Lawrence Rosenberg (Montifiore Hospital, Bronx, NY). The Cipitant band, whether or not MVs were present (Fig. 4).
proteoglycan was dissolved in Tris buffer at 40°C at 4x concen‘When 10ug MV protein was included, there was little
tration, mixed with MVs, and then with 20% gelatin. Controls effect on the mineral accumulation in the presence of 1(
were matrix vesicle-free. In some cases, the proteoglycan-MMmM BGP. At 3.5 days, MV and control values were equiva-
mixture was incubated with stirring at 37°C for 24 or 72 hours. [ent. At 5 days, MV values were slightly, but not signifi-
Controls included 4 or 10 ng/nl proteoglycan aggregate. Analysegantly, greater than controls despite the alkaline phosphe
were as above. - o tase activity detectable in the slices of the gels containin
To investigate the possibility that isolation of the MVs resulted the vesicles (Fig. 5)

in the loss of the ability for Ca transport, the vesicles were first h :
suspendednia 1 mMCaCl, solution containing 1Gul of a 6 uM Inclusion of ATP resulted in a dose-dependent decreas

solution of the Ca ionophore, A23187 (Sigma, St. Louis, MO), in in Ca accumulation in the matrix vesicle-free controls (Fig.
90% ethanol. Controls received a comparable amountu(l@f 6). A similar trend in P accumulation was noted, but the
ethanol, MVs, and 1 mM Ca. Analytical methods were as detaileceffect was not statistically significant at the times assayed
above. When MVs were included, Ca and P accumulation in-
creased, both as a function of ATP concentration and as
function of time.
Results Matrix vesicles overcame the inhibition of calcium and
phosphate accumulation caused by proteoglycan (Fig. 7
Matrix vesicles isolated from growth zone chondrocyte cul-The effect was independent of MV concentration, although
tures behaved in solution (Fig. 1) comparable to those studa trend was noted indicating maximal effect between 10 an
ied by Valhmu et al. [39]. Accumulation éfCa increased 20 g matrix vesicle protein/gel. It was not necessary to
with time, and after 8 hours was, in general, significantly preincubate the MVs with proteoglycan to see an effect
greater P = 0.05) than control. The large scatter reflectsHowever, when the MVs were preincubated for 24 hours a
experiment-to-experiment variation, due perhaps to the dif37°C with either 10 mg/ml proteoglycan (Fig. 8) or 4 mg/ml
ferent MV preparations used. Measurement of total Ca acproteoglycan (data not shown), there was an increase in tt
cumulation in the absence $iCa failed to show significant  ability of the MVs to overcome the proteoglycan-dependen
differences when experimental (matrix vesicle) and controinhibition. At 3.5 days, controls contained negligible
(MV-free) solutions were compared (data not shown). amounts of mineral, making it difficult to evaluate the gels.
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3.5 Days 5.0 Days 5.0 days. Data are corrected for ion accumulation in single diffu-

Fig. 4. Effect of B-glycerophosphate3GP) on the ability of MV sion gels. *Significantly different from matrix ve_:sicle-fr_ee control
to promote Ca and P accumulation in the precipitant band of gela® »-g protein),P = 0.05, based on Bonferroni's multiple com-
tin gels. All gels contained 10 mMGP. MV (10 ug protein/gel) ~ Parisons test. For C2 cultures (2 mM ATP), Ca an_d P accumulatiol
were included in¥z of the gels. Ca and P accumulation were &t 3.5 days was less than that at 5 days (€a0.001; PP <0.05).
measured at 3.5 or 5.0 days. Data are corrected for jon accum(L Versus C2 versus C3 was not significantly different. However
lation in single diffusion gels3GP had no effect on accumulation When testing for a linear trend by linear regression, the Ca value
of either ion at either time point, whether or not MV were present.Were significant @ < 0.0001) but P values were not.

MV Cc

Incubation of the MVs with a Ca ionophore slightly organelles may functiom vitro, and by analogyin vivo.
increased calcium ion accumulation relative to untreatedata presented show that MVs isolated from chondrocyte
matrix vesicles (Fig. 8), but had no effect on phosphate iorcultures behave in solution like MVs derived from cartilage
accumulation. The mineral formed in the presence and abwith respect td°Ca accumulation [20, 39]. In addition, they
sence of the ionophore appeared similar by FT-IR spectrogaromote calcium and phosphate accumulation in gels in &
copy (data not shown). least three different ways. At sufficiently high concentra-

tions, MVs can increase Ca and phosphate accumulatiot
indicating that they may as a “nucleator.” At low concen-
Discussion trations, they may contribute to calcification by removing or
modifying inhibitors both within the vesicle, like ATP, and
Extracellular MVs have long been associated with the initialin the matrix, like proteoglycan.
deposition of mineral crystals in calcified tissues [1-8]. The  This suggests that an important function of the MV is to
present study, performed using MVs derived from culture inprovide enzymes that modulate the extravesicular tissu
a gelatin gel assay system, sheds new light on how thessomposition and enzymes that alter internal vesicle compc



A. L. Boskey et al.: Matrix Vesicles Promote Mineralization 313

1.00 gels, whereas at higher concentrations, they did. Models b
e which vesicles can sequester ions, providing a protecte
0.80 P * environment for the formation of the first crystals, have

been described in detail elsewhere [14-18, 45]. Increasin
the concentrations of liposomes in solution has been show
to result in an increased yield of mineral [46]. Thus, it is not
surprising that, as the concentration of MVs was increase
in the gels, the yield of mineral increased. In tissues, wher
MVs may increase in concentration at sites of new minera
deposition [24], they may function in this way.

The rat chondrocyte culture-derived MVs accumulated
45Ca in a manner comparable to that reported for MVs
isolated directly from bovine [47—49%)r chicken [39, 50,
51] growth plate cartilage. Some of tf&Ca may have been

Hg MV Protein associated with the outer membrane of the MVs and the
Fig. 7. Ability of MV to promote Ca and P accumulation in the contribution of this to the overall uptake was not addresse
precipitant band of gelatin gels containing 10 mg/ml proteoglycanin the study. Althoug®Ca accumulation is not synonymous
(aggregan). Gels contained 0, 10, 20, o@OMV protein. Caand  with apatite formation, the ability of MVs to do so supports
P accumulation were measured at 5.0 days. Data are corrected fg§je hypothesis that they are capable of mineral accretion.
ion accumulation in single diffusion gels. *Significantly different Several studies have shown that MVs from calcifying
fégrr:}é?ggﬁsv%sdﬂglgeé;:T?;at‘:icgléﬂg {:)ergtt.eln),PS0.0S, based on cartilage contain p.roteins_associated with ion transpor
across membranes: annexin V [50] and proteolipids [53]

Both annexin V [50] and proteolipid [53], as well as cal-
cium-phospholipid-phosphate complexes [52], function as

1.00 “nucleators” when incubated in metastable calcium phos-

[ Jea > phate solutions [54]. Similarly, Wu et al. [51] have de-
0.80 7 scribed a “nucleational core” complex present within MVs
F which consists of proteolipid, matrix proteins, and com-

plexed acidic phospholipids. This suggests that these M\
components may contribute not only to calcium accumula:
tion but also to apatite nucleation in the gelatin gel model.

Whether the increased mineral accumulation was due t
nucleation per se is not clear. Nucleation is a physicochem
ical process through which ions or ion clusters accumulat
with the correct orientation to mimic a crystal surface. Het-
erogeneous nucleators provide a surface that matches that
the substrate in question. Lipids have been shown to b
nucleators of glycine and sodium chloride crystals [55] anc
Fig. 8. Effect of the ionophore A23185 on the ability of MVs (20 are proposed as nucleators of apatite formation [56]. How
ng protein/gel) to accumulate Ca and P in the precipitant band oéver, since the detailed process of acidic phospholipid
gelatin gels. Gels were incubated for 5.0 days. Data are correctegduced apatite deposition has not been demonstrated to |
for ion accumulation in single diffusion gelsP*< 0.05, + iono-  gne of “nucleation,” it can only be suggested that lipids
phore versus no ionophore, based on Bonferroni’s multiple coMgpecifically lipids within MVs, promote calcification. '
parisons test. The MVs used in the present study exhibited enrichmen

of alkaline phosphatase specific activity typical of MV iso-

lated from tissue. Furthermore, this enzyme remained func
sition. Since the presentation of these enzymes can bional in the gel. Thus, it was puzzling not to see enhancet
modulated by hormones and growth factors [22, 33, 35, 43mineral formation in the presence @GP. One possibility is
44], this mechanism may account for many aspects of théhat at the high concentration used, 10 npGP acted as an
cell-mediated mineralization proceissvivo. It is important  alkaline phosphatase inhibitor due to a local increase i
to note that the model used in this study results in only arphosphate concentration. Such inhibition has been noted i
approximate analogy, since the gelatin is denatured type deveral other systems [54].
collagen, whereas cartilage contains type Il collagen and In contrast to experiments with 10 mpeGP, when lower
ionic concentrations increase continuously rather than beingoncentrations of ATP were included in the gels, the MVs
maintained at constant values. Moreovieryivo the com-  were able to effectively utilize it as a phosphatase substrate
position and activity of MV components can be modulatedin gels with MVs, the apatite inhibitor was removed and Ca
by the cells not only during MV production but also through and P accumulation returned to normal control levels.
nongenomic mechanisms once the organelles are in the m&esicles are known to have ATPase activity [20, 57], an
trix [33, 34, 44], which may further affect the rate and extentactivity important because it can reduce the concentration c
of mineral that can form. ATP, perhaps both inside and outside the vesicle. ATP is a

Despite these caveats, the results provide valuable infolinhibitor of apatite crystal formation and growth, whereas
mation concerning the mechanisms by which MVs mayits hydrolytic products (ADP and AMP) have little effect on
promote mineralizationn vivo. Matrix vesicle concentra- this process [58]. Further, hydrolysis of ATP would increase
tion appears to be an important variable, since lower conthe local phosphate concentration, facilitating mineral pro-
centrations did not enhance Ca and P accumulation in thiferation. At the higher ATP concentrations, MVs used the
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released phosphate to enhance apatite formation. Thus, in
the presence of calcification inhibitors, even a low concen-
tration of MVs can promote mineral deposition through ac-
tion of its enzymes, whether or not the organelle acts as a
classical nucleator.

This hypothesis was supported by the ability of the MVs
to reverse the proteoglycan-dependent inhibition of apatites,
formation in the gels. Matrix vesicles isolated from tissue
contain neutral peptidases [21]. Similarly, the MVs used in
the present study contain neutral metalloproteases [19], in-6.
cluding stromelysin [43], which are capable of degrading
proteoglycans. Activity of these enzymes is vitamin D-
dependent [35, 59], suggesting a mechanism by which this’-
hormone can regulate cartilage calcification. By degrading
or modifying the inhibitory proteoglycans in the extracel-
lular matrix, MVs could facilitate the spread of apatite crys-
tals.

Formation of initial mineral crystals in the vesicles, both
in liposome model systems [14-18] and in the gel system9.
studied here, may be stimulated when Ca transport into the
vesicles is facilitated. This is in agreement with the view

that a calcium transporter, annexin V, plays an importantm'

role in initiating vesicle calcification [50, 51].
The mineral associated with the MVs throughout these

studies was apatitic, comparable to the mineral found injq.

bone in terms of crystal size and perfection. This is distinct
from the amorphous calcium phosphate [60] reported to be

present in isolated vesicles or the octacalcium phosphatd=2.

like phase reported to be formed when MVs are incubated in
synthetic lymph [60]. Since the preparations in this study
were examined only after initial mineral was visible and

since Sauer and Wauthier [61] also reported a transition o

do not eliminate the possibility that other phases served as
precursors; rather, they demonstrate the usefulness of the
gel system for these types of analyses.

In conclusion, results of this study support the hypoth-
esis that MVs can promote initial apatite formation by (1)

providing a protected site for initial mineral formation; (2) 15

presenting potential nucleators (not studied here) within the
vesicle to serve as sites for initial crystal formation; (3)

providing enzymes and other activities that can increase thid

flux of ions into the vesicles; and (4) providing enzymes
which modify the composition of the extracellular matrix. 17
The last may be the most important, as it would allow
crystals to spread into the matrix.

18.
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