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Matrix vesicles are carriers of bone morphogenetic proteins (BMPs), 
vascular endothelial growth factor (VEGF), and noncollagenous 
matrix proteins

Abstract Matrix vesicles (MVs) are well positioned in the 
growth plate to serve as a carrier of morphogenetic infor-
mation to nearby chondrocytes and osteoblasts. Bone mor-
phogenetic proteins (BMPs) carried in MVs could promote 
differentiation of these skeletal cells. Vascular endothelial 
growth factor (VEGF) in MVs could stimulate angiogene-
sis. Therefore, a study was undertaken to confi rm the pres-
ence of bone morphogenetic protein (BMP)-1 through -7, 
VEGF, and the noncollagenous matrix proteins, bone sia-
loprotein (BSP), osteopontin (OPN), osteocalcin (OC), and 
osteonectin (ON) in isolated rat growth plate MVs. MVs 
were isolated from collagenase-digested rachitic rat tibial 
and femoral growth plates. The presence of BMP-1 through 
BMP-7, VEGF, BSP, ON, OPN, and OC was evaluated by 
Western blot, plus ELISA analyses for BMP-2 and -4 
content. The alkaline phosphatase-raising ability of MV 
extracts on cultured rat growth plate chondrocytes was 
measured as a refl ection of MV ability to promote chondro-
osseous differentiation. BMP-1 through -7, VEGF, BSP, 
ON, OPN, and OC were all detected by Western blot analy-
ses. Chondrocytes treated with MV extracts showed a two- 
to threefold increase in alkaline phosphatase activity over 
control, indicating increased differentiation. Signifi cant 
amounts of BMP-2 and BMP-4 were detected in MVs by 
ELISA. Combined, these data suggest that MVs could play 
an important morphogenetic role in growth plate and endo-
chondral bone formation.
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Introduction

Matrix vesicles (MVs) are extracellular, membrane-invested 
vesicles, ∼50–200 nm in diameter, that are the initiation site 
of calcifi cation in all skeletal tissue, including growth plate 
cartilage, embryonic and growing bone, tendons, and the 
predentin of teeth [1]. Matrix vesicles are released in a 
polarized fashion by budding from the lateral edges of 
growth plate chondrocytes and from the osteoid-facing sur-
faces of osteoblasts and the apical surfaces of odontoblasts 
[2,3].

In the growth plate of a growing animal, MVs are released 
from chondrocytes of the upper hypertrophic zone (HZ). 
The fi rst mineral crystals arise within MVs of the midhyper-
trophic zone, and then apatite crystals are released from 
MVs into the lower hypertrophic zone matrix. Proliferating 
mineral spreads from matrix vesicles radially outward to 
infi ltrate the adjacent matrix. At the base of the growth 
plate, small vessels penetrate the transverse matrix septa, 
leaving calcifi ed longitudinal septa on which osteoblasts 
from the marrow deposit new bone [4].

In addition to their role in mineralization, MVs also 
may serve as carriers of morphogenetic molecules, e.g., 
the bone morphogenetic proteins (BMPs) [1,5]. BMP-2 
through BMP-7 regulate the development and repair of 
skeletal cartilage and bone [6]. It was suggested several 
years ago by Slavkin et al. that MVs may function as car-
riers of morphogenetic information during tooth develop-
ment [3]. Later, it was shown that vesicle-like structures 
containing BMP-2 were secreted by chondrocytes during 
the process of ectopic bone formation in the rat [7]. 
Matrix vesicles isolated from collagenase-digested growth 
plate cartilage of the rat were shown in preliminary reports 
to contain signifi cant amounts of BMPs [5,8]. It is likely 
that MVs receive BMP proteins from cytoplasm of the 
upper hypertrophic chondrocytes of the growth plate, 
because MV budding appears to be maximal at this level 
[4] and upper hypertrophic zone chondrocytes contain the 
highest levels of immunostainable BMP-1, -2, -3, -4 and -6 
[9].
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Vascular endothelial growth factor (VEGF), an impor-
tant promoter of vascularization, is also highly expressed in 
hypertrophic growth plate chondrocytes [10,11], at a level 
where MV budding is prominent [4]. Therefore, it is likely 
that VEGF is packaged into MVs before their release into 
the extracellular space and may thus promote vascular 
ingrowth at the base of the growth plate.

Noncollagenous matrix proteins, especially bone sialo-
protein (BSP), osteopontin (OPN), osteonectin (ON), and 
osteocalcin (OC), probably play important roles in regulat-
ing the mineralization of growth plate and bone. BSP is 
known to actively promote bone mineralization in vitro 
[12]. BSP has also been shown to promote osteoblast dif-
ferentiation in vitro [13,14], and to stimulate bone repair 
when implanted into calvarial bone defects in vivo [15]. 
Thus, the presence of a concentration of BSP in matrix 
vesicles could serve a dual function by promoting not only 
mineralization but also the differentiation of growth plate 
chondrocytes and ingrowing osteoblasts. Osteopontin 
(OPN), osteonectin (ON), and osteocalcin (OC) have all 
been shown to inhibit mineralization in vitro [16,17], and 
genetic defi ciencies of OPN [18] or OC [19] have been 
shown to increase mineral content in bones in vivo.

In this study, Western blot analyses and enzyme-linked 
immunosorbent assay (ELISA) confi rmed the presence 
of a relative concentration of BMP-1 through BMP-7 in 
isolated MVs, and it was shown that MV extracts can 
sti mulate the expression of alkaline phosphatase activity 
by growth plate chondrocytes as an indicator of differentia-
tion. We also demonstrated the presence of VEGF (to 
our knowledge, for the fi rst time) in isolated rat MVs, 
suggesting a role for MVs in promoting capillary invasion 
of the growth plate. Combined, these data indicate a pos-
sible role for MVs in regulating endochondral bone 
formation.

Materials and methods

Isolation of MVs and chondrocytes

After 4 weeks on a rachitogenic diet in a dark room, 
Sprague–Dawley rats were killed according to guidelines of 
the Institutional Animal Care and Use Committee (Univer-
sity of Kansas Medical Center), and their tibial and femoral 
growth plate cartilages were isolated. Matrix vesicles and 
chondrocytes were collected by collagenase digestion and 
differential ultracentrifugation as described previously [20–
22]. The yield of MVs was estimated by measuring the rela-
tive specifi c activity of alkaline phosphatase in microvesicle 
fractions [20,22]. Protein concentrations of MVs and 
chondrocytes were measured by Bradford assay (Bio-Rad, 
Hercules, CA, USA).

Chondrocyte culture

The chondrocytes, released from collagenase-digested rat 
tibial and femoral growth plates, were seeded as mono-

layers, 3 × 105 cells per 35-mm plate, and grown in BGJb 
medium as previously described [23]. When cells were con-
fl uent at 7 to 8 days postseeding, extracts of MVs at a con-
centration of 50 ng protein/ml were added to the chondrocyte 
culture. Extract of MVs was prepared by solubilizing 10 μg 
MV protein in 1 ml sterile 4 mM HCl containing 0.1% 
bovine serum albumin. MV extracts with freshly prepared 
ascorbic acid (0.25 mM) were added every other day to the 
chondrocyte cultures. Control chondrocyte cultures were 
exposed to complete media without added MVs. Cultures 
were terminated after 4 days of treatment with MV extracts 
and assayed for alkaline phosphatase activity.

Western blot analysis

Isolated matrix vesicles were dissolved in 1 μg protein/μl in 
sodium dodecyl sulfate (SDS) containing sample buffer and 
heated at 95°C for 10 min to denature. Matrix vesicle protein 
(25–50 μg) samples were separated by electrophoresis in 
precast, 10%–20% Tris-HCl polyacrylamide gels (Bio-Rad) 
under reducing conditions. The proteins in the gels were 
transferred onto polyvinylidene fl uoride (PVDF) mem-
branes and blocked with 5% nonfat milk for 2 h. The 
membranes were then immunoblotted using anti-BMPs, 
anti-VEGF, or antibodies to noncollagenous matrix pro-
teins diluted with 5% nonfat milk in TBS-T; 1 : 500 dilution 
for BMP-5; 1 : 200 dilution for BMP-2, -3, -6 and VEGF; 
1 : 100 for BMP-7, BSP, and OC; 1 : 50 for BMP-1; 1 : 25 for 
BMP-4; 1 : 20 for ON; and 1 : 10 for OPN; and incubated at 
4°C overnight. The primary antibody was washed with TBS-
T and the membrane was incubated with secondary anti-
body (1 : 5000 to 1 : 7000) for 1 h at room temperature. After 
the membrane was washed with TBS-T, the immunostained 
bands were visualized by using the ECL chemiluminescence 
detection system (Amersham Biosciences). Anti-BMPs and 
anti-VEGF were obtained from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). Anti-BMP 4 was obtained from 
Novocastra (Newcastle upon Tyne, UK) and anti-BMP 5 
from Biovision (Mountain View, CA, USA). Antibodies to 
BSP (WVIDI, 9C5), ON (AON-1), and OPN (MPIIIB101) 
were obtained from the Developmental Studies Hybridoma 
Bank (University of Iowa, Iowa City, IA, USA) and anti-
OC from Santa Cruz Biotechnology. Recombinant BMP-1 
through BMP-7 and VEGF, used as standards to confi rm 
the specifi city of bands corresponding to BMPs and VEGF, 
were obtained from R&D Systems (Minneapolis, MN, 
USA).

Alkaline phosphatase assay

Alkaline phosphatase assay of chondrocyte cultures previ-
ously exposed to MV extracts, or not exposed, was done as 
previously described [22]. Specifi c activity of alkaline phos-
phatase was expressed as units/mg of protein [22]. One unit 
of alkaline phosphatase activity is defi ned as the amount of 
enzyme required to hydrolyze 1 μmole p-nitrophenylphos-
phate (p-NPP) to 1 μmole p-nitrophenol at 37°C.
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ELISA

Proteins were extracted from three batches of isolated MVs 
and chondrocytes of rachitic rat growth plate, according to 
instructions, using RIPA buffer [1 × phosphate-buffered 
saline (PBS), 1% Nonidet P-40, 0.5% sodium deoxycholate, 
0.1% SDS] with freshly prepared protease inhibitors 
[phenylmethylsulfonyl fl uoride (PMSF), aprotinin, and 
sodium orthovanadate], obtained from Santa-Cruz Biotech-
nology. All samples were preserved at −20°C until assay.

BMP-2 and -4 were detected and measured at room tem-
perature using commercially available ELISA kits (Quan-
tikine Immunoassay Kits) from R&D Systems. Standards 
and samples were assayed for BMP-2 and -4 according to 
the instructions. A standard curve was generated from the 
results of standard dilution, and concentration of BMP-2 
and -4 was calculated using this standard curve. Results 
were expressed as nanograms of BMP-2 and 4 per gram of 
total protein in a sample.

Statistical analysis

Data are expressed as the mean ± SEM (n = 3) for alkaline 
phosphatase assays of both culture groups as well as for 
BMP-2 and -4 concentration in MVs and chondrocytes by 
ELISA. Statistical differences of alkaline phosphatase levels 
observed in the absence (control) or presence of MV 
extract-treated cultures were assessed by analysis of t test. 
P < 0.05 was considered to be signifi cant.

Results

Western blot analyses

BMP-2, -4, -5, -6, and -7 were detected at expected, 
mature monomeric molecular weights, approximately 18–
20 kDa (Fig. 1). BMP-3 was detected as expected at about 

12.5 kDa with a higher band at about 70 kDa (Fig. 1), cor-
responding to a similar band we observed in rhBMP-3. The 
additional higher band might result from posttranslational 
modifi cation. Other previous studies have mentioned higher 
bands of BMP-3 [24,25]. Multiple bands were also detected 
for BMP-5 and BMP-7 in both recombinant and MV 
samples, as seen in other studies [26–28]. For BMP-5, a 
dimer at 36 kDa and a homodimer at 52 kDa were detected 
(Fig. 1) as previously reported [28]. For BMP-7, multiple 
bands were present at 18, 40, 55, 70, and 110 kDa in both 
recombinant and MV samples, as shown in previous studies 
[26–28]. Immunoblots of BMP-1 showed a precursor form 
at the expected 111 kDa with two spliced variants at 79 and 
34 kDa (Fig. 1) [29]. VEGF was detected at the expected 
42 kDa level (Fig. 2). The noncollagenous matrix proteins 
BSP, ON, OPN, and OC were detected at 81, 40, 80, and 
8 kDa, respectively, as expected (Fig. 2). Immunoblots of 
OC also showed other higher bands at 75 and 30 kDa; these 
could be high molecular weight Gla-containing polypep-
tides that share antigenic determinants with osteocalcin 
[30].

Alkaline phosphatase assay

Alkaline phosphatase activities in untreated (control) chon-
drocyte cultures versus in cultures exposed to MV extract, 
are shown in Fig. 3. Chondrocytes treated with MV extract 
showed a two- to three-fold increase in alkaline phospha-
tase activity above that seen in non-MV-exposed control 
cultures, which was statistically signifi cant (P < 0.01).

ELISA

BMP-2 and -4 were detected by ELISA in each sample of 
MVs and chondrocytes (Table 1). Results indicate that 
BMP-2 and -4 concentrations in MVs are comparable to 
primary chondrocytes from which the MVs were budded. 
The BMP-2 and -4 content of MVs was at least two- to 

Fig. 1. Western blot analyses of bone morphogenetic protein (BMP)-1 
through -7 in rat growth plate matrix vesicles (MVs). (Arrowheads 
indicate expected positions of standard and recombinant BMP-1 
through BMP-7 proteins)

Fig. 2. Western blot analyses of vascular endothelial growth factor 
(VEGF) and noncollagenous matrix proteins of MVs, i.e., bone sialo-
protein (BSP), osteonectin (ON), osteopontin (OPN), and osteocalcin 
(OC). Arrowheads indicate expected molecular weights of VEGF and 
noncollagenous proteins
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fourfold higher than levels previously reported in deminer-
alized bone matrix (DBM) [31–33] (Table 1).

Discussion

The strong immunoreactivity for BMP-1 through -7 that we 
observed in MVs from rat growth plate by Western blots 
(see Fig. 1) and ELISA (see Table 1) suggests an osteogen-
esis-stimulating capability of MVs. This hypothesis is further 
supported by our fi nding that chondrocytes treated with 

MV extracts showed a two- to threefold increase in alkaline 
phosphatase activity, above that of non-MV-exposed control 
cultures (see Fig. 3). Presumably, MVs carrying BMPs are 
released into the matrix of the lower hypertrophic zone of 
the growth plate during the process of MV biogenesis. 
Later, after mineral initiation, MV membranes break down 
[4], and BMPs are released into the matrix of the growth 
plate. BMPs from MVs could signal differentiation of 
adjacent chondrocytes, plus osteoblasts and uncommitted 
osteoprogenitor cells arising in the subjacent metaphysis 
[34–36].

BMPs released from MVs at the base of the growth plate 
also may promote the resorption of cartilage matrix during 
conversion of growth plate cartilage into trabecular bone at 
the metaphysis. Phenotypic multinucleated osteoclasts 
resorb the mineralized cartilage matrix septa that project 
down into the metaphysis, and this creates a scaffold upon 
which osteoblasts will deposit new bone of the primary 
spongiosa. Earlier studies indicated a role for BMPs in pro-
moting the differentiation of osteoclasts and their bone 
resorptive activity [37]. Recently, it was demonstrated 
that osteoclasts also express BMPs [9,38] as well as BMP 
receptors [37].

To our knowledge, our data are the fi rst to indicate the 
presence of a signifi cant concentration of VEGF in isolated 
rat growth plate MVs. The main action of VEGF is to 
promote the ingrowth of capillaries during neovasculariza-
tion, which it does in the growth plate [10,11] and in a 
variety of malignant tumors [39]. VEGF released from MVs 
could thus play an important role in stimulating angiogen-
esis during the replacement of hypertrophic cartilage of the 
growth plate by ingrowing metaphyseal bone.

Our study also revealed that isolated rat growth plate 
MVs contain a signifi cant amount of the noncollagenous 
bone matrix proteins BSP, OPN, ON, and OC. Western blot 
analyses showed that MVs contain higher levels of BSP and 
OC with less intense immunostaining for OPN and ON. Of 
these four calcium-binding noncollagenous proteins, only 
BSP has been shown to strongly promote hydroxyapatite 
(HA) deposition [12]. Interestingly, OPN recently was 
found to facilitate angiogenesis and the accumulation of 
osteoclasts during bone resorption in vivo [40]. Osteonectin 
apparently lacks strong mineral-stimulating or mineral-
inhibiting ability [41]. Osteocalcin, on the other hand, 
strongly inhibits HA deposition in vitro [41] and in vivo 
[19]. Only BSP appears to promote both bone formation 

Table 1. Comparison of bone morphogenetic protein (BMP)-2 content [by enzyme-linked immu-
nosorbent assay (ELISA)] in matrix vesicles (MVs) and chondrocytes versus in demineralized 
bone matrix (DBM) in cited literature

Samples BMP-2 (ng/g) BMP-4 (ng/g) References

MVs 121 ± 16.45 ng/g (n = 3) 17.21 ± 1.07 ng/g (n = 3) Present study
Chondrocytes 137 ± 8.72 ng/g (n = 3) 15.27 ± 2.55 ng/g (n = 3) Present study
DBM 33.8–65.8 ng/g Undetectable Kanim et al. [31]

2.11 ± 1.26 ng/g 0.202 ± 0.071 ng/g Blum et al. [32] 
21.4 ± 12.0 ng/g  5.45 ± 2.04 ng/g Pietrzak et al. [33]

Results are expressed as mean ± SEM
DBM, demineralized bone matrix

Fig. 3. Bar diagram comparing specifi c activity of alkaline phosphatase 
of cultured chondrocytes in the absence of MV extracts (Control) 
versus chondrocytes treated with MV extracts (50 ng/ml) for 4 days. 
One unit of alkaline phosphatase activity is defi ned as the amount of 
enzyme required to hydrolyze 1 μmole p-nitrophenylphosphate (p-
NPP) to 1 μmole p-nitrophenol at 37°C. Values are mean ± SEM from 
three samples of MVs showing statistically signifi cant differences 
(P < 0.01)
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and repair [13–15]. Nevertheless, BSP plus OPN, ON, and 
OC probably interact in regulating MV-initiated cartilage 
mineralization.

Very recently, a partial proteomic analysis of extracel-
lular matrix vesicles from osteoblast culture indicated the 
presence of ON [42]. It will be interesting to confi rm, in 
future proteomic studies of isolated MVs, the presence of 
BMPs, VEGF, and noncollagenous matrix proteins BSP, 
OPN, and OC. Also, extensive further study is necessary to 
help determine whether these MV proteins do have stimu-
latory or inhibitory functions in endochondral ossifi cation 
in vivo.
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