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Calcifying matrix vesicles (MVs) are released from
chondrocytes and osteoblasts in monolayer cul-
ture. In the present studies, we tested the ability of
rachitic versus normal rat growth plate chondro-
cytes in micromass or monolayer primary cultures
to produce MVs. Unlike earlier reports of in vitro MV
biogenesis by chicken chondrocytes in which most
MVs were released into the medium, we found that
most of the released rat matrix vesicles were en-
trapped in a newly formed cartilaginous matrix en-
veloping the cells. These matrix-associated MVs
could be isolated by mild collagenase treatment
and concentrated by differential centrifugation.
Vesicle production slowed in the older 2- to 4-week-
old cultures and, unlike vesicle release from cul-
tured chicken chondrocytes, active vesicle produc-
tion did not show a second burst of activity at 3 to
4 weeks. Alkaline pbosphatase (ALP) activity di-
minished with time in culture in cells and matrix
vesicles, suggesting a decrease in differentiative ex-
Dpression. Protein profiles on SDS polyacrylamide
gels of native matrix vesicles and culture-derived
MVs from rachitic and normal cells were quite sim-
ilar and showed a typical simplified protein pattern
as compared to chondrocyte plasma membrane
Droteins. There were distinctive proteins migrating
at 130, 80 to 95, 66, 43, 20, and 14 kd. Culture-
derived MVs showed vigorous in vitro calcifying ac-
tivity that was ALP related. We conclude that 1) ra-
chitic chondrocytes are essentially normal in their
matrix vesicle production; 2) matrix entrapment
of MVs is a characteristic of rat chondrocyte cul-
tures; and 3) culture-produced MVs are similar to
native MVs in protein profile and calcifiability, and
thus can be studied as a model for normal MV com-
position and calcification. (Am J Pathol 1990, 136:
391-398)

In cartilage, bone, and dentin, biologic calcification is initi-
ated within and at the surfaces of extracellular matrix vesi-
cles (MVs). The latter are derived from adjacent osteo-
blasts, chondrocytes, and odontoblasts.'~"? Earlier work
indicates that matrix vesicles initiate mineral deposition
through the action of MV-associated phosphatases'®'®
and calcium-binding phospholipids'®-2%; however, little is
known about the mode and regulation of matrix vesicle
biogenesis.

Several mechanisms of biogenesis have been pro-
posed,?' including 1) pinching-off from the cell sur-
face'272", 2) cell fragmentation (apoptosis)'®?; 3) ex-
trusion of preformed vesicles through the outer cell mem-
brane''??%, and 4) de novo aggregation of molecular
substituents of membranes in the extracellular space to
form liposome-like vesicles.?'?* Recently, it has been pro-
posed that matrix vesicles may break up and fuse with
each other as they approach the calcification front to form
larger vesicles.®

In an attempt to analyze in greater detail the mecha-
nism of MV production by cells, culture systems were de-
vised in which chicken limb and/or growth plate chondro-
cytes, cultured in monolayer, released MV-like vesicles
into the culture medium.'%27 Such MVs could be iso-
lated from the culture medium by simple differential cen-
trifugation. The main findings of these earlier studies were
that 1) copious vesicles were released into the me-
dium62627. 2y their phospholipid composition resembled
that of native mammalian matrix vesicles, '®?® and to some
extent that of the plasma membrane of the producer
chondrocytes; 3) MVs formed in culture possessed a
strong Ca?*-affinity’®?%’ that could be boosted by add-
ing 5mM Ca, 5mM Mg, and 5mM ATP to the in vitro calci-
fication medium?; and 4) chondrocyte cytoskeleton ap-
pears to be involved in the budding off of MVs because
cytoskeletal modifiers such as cytochalasin D, phalloidin,
and colchicine can alter the rate of MV formation.2®

In parallel experiments, we investigated MV production
by mammalian, rachitic rat growth plate chondrocytes us-
ing, at first, micromass cultures®®** and then comparing
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DAYS IN MICROMASS CULTURE

Figure 1. Changes in total vesicle-associated alkaline phospha-
tase in medium (O) or associated with matrix (O), during
2 weeks in micromass culture of rachitic chondrocytes. The
sedimentable (vesicle-associated) ALP in the culture medium
declined to very low levels during the first week, while the col-
lagenase-released sedimentable ALP associated with the cells
rose moderately during the second week (vertical bars repre-
sent * standard error).

micromass and monolayer cultures.® Parallel studies
were carried out by Boyan et al®' and Schwartz et al®
using normal rat costochondral chondrocytes. It was
found that MVs are produced by mammalian chondro-
cytes®32 and that they calcify in vitro to form apatitic de-
posits. 3% However, unlike MVs produced by avian cell
cultures, rat MVs became entrapped in a newly formed
cartilaginous matrix and few were released to the culture
medium, regardless of whether monolayer or micromass
techniques were used.?® We also have found that mam-
malian MVs formed in vitro can be removed from their
matrix entrapment by mild collagenase digestion and
differential centrifugation without loss of structure or func-
tion.

The studies reported here were undertaken to further
characterize the MVs produced by cultured mammalian
chondrocytes with regard to 1) kinetics of formation in
short- and long-term monolayer and micromass cultures;
2) calcifiability; and 3) protein content as demonstrated by
polyacrylamide gel electrophoresis. In general, the results

support the assumption that rachitic growth plate chon-
drocytes do not differ materially from normal MVs insofar
as MV production, calcification, and protein content are
concerned.

Materials and Methods
Cell Isolation and Culture Methods

Growth plates were removed sterilely from normal and ra-
chitic weanling Sprague Dawley rats. Rickets was in-
duced by housing 15-g weanling rats in a darkened room
and feeding them a diet low in phosphate and vitamin
D.* The result is growth retardation, enlargement of the
cartilaginous growth plates,® retarded mineralization of
growth plates, and metaphyses of long bones.

At removal, the growth plates were minced and incu-
bated for 3 hours in a solution containing 1000 units/ml of
crude collagenase solution® at 37 C with constant rock-
ing agitation. After 3 hours, the mostly liquified collage-
nase suspension was centrifuged at 1000 RPM for 10
minutes to remove cells and larger cell debris, at 14,000g
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Figure 2. Changes in total vesicle-associated ALP in medium
(Q) or associated with cell matrix (O) during 2 weeks in
monolayer culture of rachitic chondrocytes. Although the vari-
ation in this data is greater than in Figure 1, the same pattern
of decreasing particulate ALP in the media and accumulation
of particulate ALP in cell-matrix occurs in monolayer as in
micromass cultures.
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DAYS IN MICROMASS CULTURE

Figure 3. Changes in vesicle-associated specific ALP activity in
the medium (Q) or in collagenase digested cell-matrix (O)
during 2 weeks in micromass culture of rachitic chondrocytes.
As with total ALP activity, the specific activity in the media de-
clines to a very low level in 1 week, while specific activity rises
in vesicles that are sequestered in the cell-associated matrix.

for 30 minutes to remove nuclei, mitochondria, lyso-
somes, and small cell fragments, and at 300,000g for 30
minutes to sediment native matrix vesicles.%% Cell
counts revealed approximately 15 X 10° cells per gram
of normal or rachitic growth plate cartilage with usually
more than 90% viability as indicated by trypan blue exclu-
sion.

Under standard conditions, 2 X 10® chondrocytes
were plated per 35-mm culture dish as monolayers or mi-
cromass aggregates® in BGJb medium plus 10% fetal
calf serum and maintained at 37 C in a humidified atmo-
sphere of 5% CO? in air. The medium was changed three
times per week. Confluence was reached at about 5
days. Usually the cultures were harvested at 7 to 14 days,
but in one series of experiments, cultures that had been
seeded at varying densities were maintained for up to 28
days before harvesting.

Matrix Vesicle Isolation

At the time of harvest, the culture medium was removed,
the cultures were washed gently in fresh BGJb medium
plus 10% FCS, then in one-half strength collagenase solu-
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tion (500 units/ml) for 10 minutes and scraped into sterile
roller tubes for agitation on the rocker at 37 C for 90 min-
utes in one-half strength collagenase solution. The result-
ing liquid suspension of cells and matrix-associated MVs
was centrifuged according to the above scheme to sepa-
rate cells, cell fragments and nuclei, and finally MVs. The
culture supernates collected at times of feeding were cen-
trifuged twice to remove cell fragments and then at
300,000g for 30 minutes to precipitate vesicles from the
culture medium (ie, media vesicles). All vesicle pellets
were resuspended for one wash in tris-buffered saline, re-
precipitated at 300,000g, resuspended in TBS, and
stored at —70 C before testing.

The presence and concentration of MVs in the
300,000g sediments was estimated by measuring alka-
line phosphatase (E.C.3.1.3.1.)*" and relating ALP activity
to total protein,® ALP being a good marker for matrix vesi-
cles.®3 For electron microscopic examination, the MV
pellets were fixed in 2.5% glutaraldehyde, postfixed in 2%
osmium tetroxide, dehydrated, embedded in Spurr's low
viscosity epoxy resin, cut with diamond knives, and
stained with uranyl acetate and/or lead citrate.? Thin (50
nM) sections were examined and photographed in a
Zeiss EM10A electron microscope (Carl Zeiss, Ober-
kochen, FRG).

In Vitro Calcification Assessment

Calcifiability was assessed by a modification of the
method of Hsu and Anderson.®” Matrix vesicle fractions

Figure 4. Seven-day monolayer culture of rachitic rat chon-
drocytes, seen in phase-contrast. Small clusters of cells are be-
ginning to be surrounded by a lucent extracellular layer of
matrix that appears as a halo around the cells. X 200. Figure
5. Twenty-seven day monolayer culture of rachitic rat chon-
drocytes, seen in phase-contrast. The cell layer is dense and
apparently overlapping. Cells with matrixlike balos are less
numerous and more widely dispersed. X 200.
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containing 0.18 units of alkaline phosphatase (0.36 units
in the case of media vesicles) were exposed to a calcify-
ing solution (2.2 mM CaCl, containing 100,000 cpm “°Ca,
1.6 MM KH,PO,, 1.0 mM MgCl,, 85 mM NaCl, 15 mM KCl,
10 mM NaHCQO;, and 50 mM TBS) for 5.5 hours at 37 C
and pH 7.6. These experiments were carried out in tan-
dem with one half of each group receiving 3.0 mM AMP
as ALP substrate and the others an equal amount of 50
mM TBS diluent to maintain a constant volume of 250 ul
in each reaction vessel. After incubation, the reaction ves-
sels were centrifuged at 8800g for 30 minutes to precipi-
tate calcified vesicles, and the precipitate was washed
twice with 0.5 ml chilled TBS, followed by resedimentation
at 8800g, and finally resuspended in scintillation fluid®
for counting of “*Ca in the precipitate as an indication Ca
deposition by the vesicles.

Protein Analysis

MV protein (91 to 100 ug) in sodium dodecyl sulfate
was electrophoresed in 7.5% to 10% polyacrylamide gels
by the method of Laemmli*® and stained with coomassie
brillant blue.

Results

Pattern of Matrix Vesicle Production

During the first 2 weeks of cultivation of normal and ra-
chitic growth plate chondrocytes in micromass or mono-

layer cultures, the number of sedimentable MVs in the
media declined, but those in the collagenase-dissociable

Figure 6. The release of particulate (vesicle)
total ALP into the medium declines to nonde-
tectible levels within 2 weeks in long-term
monolayer cultures of rachitic rat chondro-
cytes seeded at differing cell densities from 1.3

28 X 107 cells/cm? to 20.1 X 10* cells/cm?. The
amount of particulate ALP released is directly
related to the initial seeding density.

matrix increased (as reflected by total particulate ALP)
(Figures 1, 2). This inverse relationship in vesicle appear-
ance in medium versus matrix was also discernible as in-
verse changes in specific activity of particulate ALP (Fig-
ure 3). Although not depicted, the same pattern of vesicle
accumulation in matrix and decline of vesicle release into
medium was observed in cultures of nonrachitic chondro-
cytes.

In long-term primary cultures of up to 4 weeks, the
chondrocytes appeared intact by phase-contrast micros-
copy (Figures 4, 5); however, ALP-positive vesicle release
into the medium did not resume after the initial day 3 to 5
release (Figure 6). Specific activity of ALP declined in the
media-derived vesicles after an initial twofold increase at 7
days. The failure of a late release of MVs into the medium
occurred regardless of the initial cell density of seeding
(Figure 6). The amount of particulate ALP released into
the medium was directly related to the initial seeding den-
sity of the cultures (Figure 6). Cell proliferation for more
than 28 days was greatest in lightly seeded cultures (Ta-
ble 1) and inversely related to the initial seeding density.

Calcification of Native Versus Culture-Derived
Matrix Vesicles

When the concentration of matrix vesicles was adjusted
for ALP activity, the native, media-associated and matrix-
associated vesicles all showed a significant calcifying ac-
tivity (Table 2). As in earlier studies, calcium deposition
was dependent on the presence of a phosphate ester in
the calcifying medium, in this instance 3 mM AMP. Calci-
fication tests were run on vesicles from 7-day cultures be-
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Figure7. Major proteins of native and culture- 58 —
derived matrix vesicles as demonstrated by
SDS-polyacrylamide gel electrophoresis. Lane
1 = native vesicles from normal growth plate; 48 —
Lane 2= native rachitic vesicles; Lane 3= cell
matrix-derived vesicles from cultured normal

cles from cultured rachitic chondrocytes, day
7; Lane 5 = media-derived vesicles from cul-
tured normal chondrocytes, day 7 culture; 36
Lane 6 = media-derived vesicles from cul-
tured rachitic chondrocytes, day 7 culture.
Molecular weights indicated in the left vertical 27+
scale are those observed with standards. Mo-
lecular weights indicated in the right vertical
scale indicate approximate Mr of the major
common protein bands.

chondrocytes, day 7; Lane 4= cell matrix vesi- a

cause previous data had shown that this was a period in
culture when significant amounts of ALP-positive vesicles
could be obtained from both medium and matrix (Figures
1,2).

Protein Content of Native and Culture-derived
Matrix Vesicles

Polyacrylamide gel electrophoresis revealed a similar pat-
tern of major proteins in native, cell matrix-associated and
media-associated vesicles whether derived from rachitic
or normal chondrocytes (Figure 7). A recurrent pattern of
gel bands was observed, with fewer major bands than
were seen in isolated chondrocyte plasma membranes.*'
Major bands in native matrix vesicles were seen at ap-
proximately 110 kd, a cluster of bands (often a triplet)
from 70 to 80 kd, a triplet at 50 to 56 kd, including a strong
band at 50 kd, a single or double band at 40 to 43 kd, a
doublet at 30 to 35 kd, a single band at 25 kd, a doublet
at 17 to 20 kd plus variable fused bands of less than 15

Table 1. Matrix Vesicle Biogenesis in 28-Day
Cultures of Rat Epipbyseal Chondrocytes

Varying Seeding Density
Increase in
Cells/cm? Cells/plate Cells/plate cell count
day 0(X10%)  day0(x10%  day 28 (X10%) day 28
20.0 2.0 3.1 16X
5.2 0.5 1.95 39X
2.6* 0.25 1.62 6.5 X
1.3 0.125 ND ND

* Seeding density used by Wuthier et al. (1985).
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kd molecular weight. Absolute identification has not been
made for any of the gel bands. Nevertheless, it is likely
that the band at 80 kd represents bone alkaline phospha-
tase,*?* and the strong band(s) at 40 to 45 kd may or
may not represent actin because actin has been re-
ported*S but not confirmed? in isolated matrix vesicles.
It is possible that the strong band seen at approximately
30 kd in native and culture-derived matrix vesicles re-
leased by collagenase could represent calpactin Il be-
cause this 30- to 36-kd calcium-binding protein recently
has been reported in chicken matrix vesicles.*®

The protein profiles of vesicles released from matrix by
collagenase (Figure 7) are essentially identical, whether
from rachitic or normal chondrocytes, and show a close
resemblance to native matrix vesicles with major proteins
migrating at approximately 110 kd, 70 to 80 kd (triplet),
50 to 55 kd (triplet), 40 to 45 kd, and 30 to 33 kd. There
are, however, two unmatched high molecular weight pro-
teins at approximately 170 and 135 kD in cell matrix-de-
rived MVs, and the matrix-derived vesicles lack lower mo-
lecular weight species less than 30 kD.

The protein profiles of 7-day media-derived vesicles
(Figure 7) are essentially identical whether from rachitic or
normal chondrocytes. Although the media-derived vesi-
cles possess several proteins matching those seen in na-
tive MVs, at 80 to 85 kd, 70 kd, 50 kd, 43 kd, and 25 kD,
there are some nonmatching major proteins at 170 kd,
140 kd, and 116 kD and the band at 65 to 70 kD in media
vesicles is very intense, which suggests that absorption
or sequestration of albumin has occured. Overall, the gel
patterns for media vesicles are not as good a match with
native vesicle proteins as are those of the matrix-associ-
ated vesicle proteins.
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Table 2. *Ca Deposition by Vesicles Released into
Media or Matrix from 7-Day Cultured Normal
and Racbhitic Rat Chondrocytes

Normal N Mean + SE*
Media-derived vesicles 3 53+4
Media vesicles + AMP 3 1957 = 911
Matrix-derived vesicles 2 128 + 67
Matrix-derived vesicles + AMP 4 3539 + 1260
Native MVs 5 112+ 49
Native MVs + AMP 5 53260 + 32866
Rachitic

Media-derived vesicles 2 123+ 39
Media vesicles + AMP 4 17611 + 8055
Matrix-derived vesicles 4 86+ 12
Matrix-derived vesicles + AMP 5 2295 + 1615
Native MVs 6 944 + 484
Native MVs + AMP 6 42105 + 11984

* Mean of CPMs = standard error. Native matrix vesicles were isolated
from collagenase-digested growth plate cartilage at the time of culturing
of primary chondrocytes.

In allinstances the increase in **Ca deposition caused by the addition
of 3mM AMP was significant at or below the 0.05 confidence interval using
the Student's t-test.

Discussion

The pattern of in vitro matrix vesicle production differs sig-
nificantly in mammalian versus avian chondrocyte cul-
tures. In rat chondrocyte cultures, the vesicles produced
are mostly entrapped and sequestered by newly formed
cartilage matrix rather than being released into the culture
media, as was the case with chicken chondrocyte cul-
tures.'®2%27 Furthermore, there apparently is no late burst
of vesicle production from rat chondrocytes (Figure 6)
similar to what was described from chicken chondro-
cytes.'®? It is important for investigators who wish to use
mammalian chondrocyte-produced MVs as a model for
MV biogenesis and calcification to be aware of these
differences.

However, there are many similarities between avian
and mammalian MVs produced in vitro, including high al-
kaline phosphatase activity,6:2627:28:31:32 45Cg_depositing
activity,'®2%%” and lipid and phospholipid content, 623"
Furthermore, the studies reported here have shown that
culture-derived mammalian MVs resemble their in vivo
counterpart (native MVs) closely in having high-alkaline
phosphatase activity, calcifiability as tested by the centrif-
ugal method, %% and the presence of a characteristic,
simplified protein profile on SDS-PAGE that demonstrates
similar major protein species.'®4'444” Thus culture-de-
rived MVs, either from rat or chicken chondrocytes, ap-
pear to represent a good test model for studies of MV
biochemical composition and MV-initiated calcification.
Examination of the mechanism of in vitro MV biogenesis

and physiologic regulators of MV biogenesis would seem
to hold much promise as an approach to analysis of this,
probably universal, mechanism by which cells generate
extracellular vesicles. Extracellular vesicles either may
have a biologic purpose, as is the case with matrix vesi-
cles that initiate calcification,>'>'* or they may not be
functional in the host’s metabolism, as would be exempli-
fied by the alkaline phosphatase-poor MVs of articular car-
tilage that do not normally calcify*®*° (except in arthritis),
and by the circulating, enzyme-active vesicular particles
that are cast into the blood stream by malignant tumor
cells.®

Our studies also document the similarity in structure
and function between normal and rachitic matrix vesicles,
whether formed in vivo or in vitro. Many studies of calcifi-
cation have used rachitic growth plate and metaphysis
as a model for the normal calcification mecha-
nism. 18:33-3551-53 Thjg rationale is based on the assump-
tion that normal and rachitic cells, MVs, and bone and
cartilage matrix are basically similar, and on the fact that
rachitic tissues are more conveniently obtained in a rela-
tively uncalcified condition so that the entire calcification
cascade awaits the addition of key factors and conditions
to be activated. Our demonstration that normal native and
culture-derived MVs resemble comparable rachitic MVs
in having high ALP content, an almost identical content of
major proteins, and ready calcifiability in vitro strengthens
the assumption that the mechanism of calcification in ra-
chitic bones and MVs is essentially normal and, as such,
represents a valid model for normal calcification.

Finally, it is apparent that rat chondrocyte cultures
gradually dedifferentiate during prolonged cultivation. Evi-
dence presented above for this conclusion includes 1)
the steadily decreasing output of ALP-enriched vesicles
into both medium and newly formed matrix after 1 to 2
weeks in primary culture; 2) the fact that media vesicle
production does not resume between 2 and 4 weeks of
continuous primary cultivation; 3) the progressive decline
in specific activity of ALP in cells during 4 weeks in culture;
and 4) the fact that less dense seeding of chondrocytes
is associated with an increased cell proliferation and de-
creased expression of ALP activity. Thus the rapidity of
loss of chondrocyte phenotypic expression appears to be
directly related to the amount of cell division occurring
during prolonged cultivation, with cultures initially seeded
at high density experiencing less cell division and show-
ing greater persistence of ALP activity. This inverse rela-
tion between degree of phenotypic expression and the
number of cell divisions occurring in vitro would seem to
argue in favor of using high-density primary cultures of
mammalian chondrocytes to study in vitro MV biogenesis
and calcification, rather than using higher-passage cul-
tures and/or primary cultures that were seeded at a low
density.
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