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Abstract Chick limb-bud mesenchymal cells, plated in high-density micro-mass culture, differentiate and form
a matrix resembling chick epiphyseal cartilage. In the presence of 4 mM inorganic phosphate or 2.5 mM
b-glycerophosphate mineral deposits upon this matrix forming a mineralized tissue that, based on electron microscopy,
x-ray diffraction and Fourier Transform Infrared microspectoscopy, is like that of chick calcified cartilage. In this culture
system the initial mineral deposits are found on the periphery of the chondrocyte nodules. During differentiation of the
cells in the high-density micro-mass cultures there is a switch from expression of type I collagen to type II, and then to
type X collagen. However, type I collagen persists in the matrix. Because there is some debate about whether type I
collagen influences cartilage calcification, an immunoblocking technique was used to determine the importance of
type I collagen on the mineralization process in this system. Studies using nonspecific goat anti-chick IgG demonstrated
that 1–100 ng/ml antibody added with the media after the cartilage nodules had developed (day 7) had no effect on the
accumulation of mineral in the cultures. Nonspecific antibody added before day 7 blocked development of the
cultures. Parallel solution based cell-free studies showed that IgG did not have a strong affinity for apatite crystals, and
had no significant effect on apatite crystal growth. Type I collagen antibodies (1–200 ng/ml) added to cultures one time
on day 9 (before mineralization started), or on day 11 (at the start of mineralization), slightly inhibited the accumulation
of mineral. There was a statistically significant decrease in mineral accretion with 100 or 200 ng/ml collagen antibody
addition continuously after these times. Fab’ fragments of nonspecific and type I collagen antibodies had effects parallel
to those of the intact antibodies, indicating that the decreased mineralization was not attributable to the presence of the
larger, bulkier antibodies. The altered accumulation of mineral was not associated with cell death in the presence of
antibody (demonstrated by fluorescent labeling of DNA) or with increased apoptosis (TUNEL-stain). In the immuno-
blocked cultures, EM analysis demonstrated that mineral continued to deposit on collagen fibrils, but there appeared
to be fewer deposits. The data demonstrate that type I collagen is important for the mineralization of these cultures.
J. Cell. Biochem. 79:89–102, 2000. © 2000 Wiley-Liss, Inc.
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Chick limb-bud mesenchymal cells, plated
in micro-mass culture, differentiate and form
a matrix that resembles chick epiphyseal car-
tilage [Binderman et al., 1979; Hadhazy et
al., 1982; Boskey et al., 1992]. In the presence
of 4 mM inorganic phosphate or 2.5 mM
b-glycerophosphate (bGP), mineral deposits
on this matrix, forming a mineralized tissue
that, based on x-ray diffraction electron mi-
croscopy (EM) and Fourier Transform Infra-
red microspectoscopy is like that of chick cal-
cified cartilage [Boskey et al., 1992a, 1996].
Thus, this culture system and analogous ones
using rodent mesenchyme have been used

Grant sponsor: NIH; Grant number: AR037661.
Dr. Boskey designed the study, obtained the funding for
the study, performed the mineral analyses, interpreted all
results, and wrote and edited the paper.
Dr. Doty performed the immunohistochemical studies and
revised and edited the manuscript.
Dr. Binderman assisted in the interpretation of results and
revised and edited the manuscript.
Ms. Stiner performed all the cell culture experiments, did
the isotope based studies, and assisted in the preparation
of sections for histology. She also edited the manuscript.
*Correspondence to: Adele L. Boskey, The Hospital for
Special Surgery, 535 East 70th Street, New York, NY
10021. E-mail: Boskeya@hss.edu
Received 28 October 1999; Accepted 5 April 2000

Journal of Cellular Biochemistry 79:89–102 (2000)

Print compilation © 2000 Wiley-Liss, Inc.



extensively to model both cartilage differ-
entiation and endochondral ossification
[Daniels et al., 1996]. In this culture system,
the initial mineral deposits are found on the
periphery of the chondrocyte nodules [Boskey
et al., 1992b]. Electron microscopy demon-
strated that the peripheral mineral is associ-
ated with thicker collagen fibrils [Boskey et
al., 1992a], shown by immunohistochemistry
to be type I collagen [Schroter-Kerman et al.,
1991]. The mineral closer to the nodules
is associated with thinner collagen fibrils,
presumably type II collagen [Kosher et al.,
1986; Langille et al., 1990], and with extra-
cellular matrix vesicles [Boskey et al.,
1992a]. In similar differentiating mouse limb
bud mesenchymal cell micro-mass cultures, a
similar pattern of types I and II localization
is noted [Edvall-Arvidsson and Wroblewski,
1996].

The importance of type I collagen in the
initial calcification of the growth plate has
been extensively debated [von der Mark and
von der Mark, 1977; Yasui et al., 1984; Bi-
anco et al., 1998; Nie et al., 1999]. Reports
that mineral is associated with both type II
and type I collagen seem to be both species
and site specific. The human growth plate
hypertrophic chondrocytes lack type I colla-
gen expression [Kirsch and von der Mark,
1992; Reichenberger et al., 1991], while in
the mouse and the avian systems type I
collagen expression by hypertrophic chon-
drocytes has been reported [Ishii et al., 1998;
Kosher et al., 1986]. Even in the avian
system, condylar cartilage hypertrophic cells
do not express type I collagen while epiphy-
seal hypertrophic cells do [Ishii et al., 1998].
The other debated issue concerns the relative
importance of collagen (and its associated
matrix proteins) and extracellular matrix
vesicles in the initiation of cartilage calcifi-
cation [Anderson, 1995; Glimcher, 1989]. The
goal of the present investigation was to test
the hypothesis that type I collagen was in-
volved in mineralization of the matrix pro-
duced by differentiating chick limb-bud mes-
enchymal cells in culture. Concurrently, we
sought to validate the technique of immuno-
blocking for studies of in vitro mineraliza-
tion.

MATERIALS AND METHODS

Cell Culture Studies

Chick limb-bud mesenchymal cells were
isolated from stage 21–24 [Hamburger and
Hamilton, 1951] fertilized White Leg Horn
eggs (Truslow Farms, Chestertown, MD) as
described in detail elsewhere [Boskey et al.,
1992a]. The eggs were maintained in a hu-
midified incubator at 37° for 4.5 days. The
embryos were then sterilely withdrawn from
the eggs and their limb buds removed into
0.9% USP grade saline (Abbott Laboratories,
N Chicago, IL). Cells, released from the limb
buds by digestion with 5 ml 0.25 wt % trypsin
- 0.53 mM EDTA (GIBCO, Grand Island, NY)
were separated from debris by passage
through two layers of 20 mm Nitex membrane
(Tetko, Inc., Ardsley, NY). Cells were counted
with a hemocytometer, checked for viability
by trypan blue dye exclusion, and pelleted in
the cold at 2,300 rpm. In all cases, viability
was $ 98%. Cells were resuspended in me-
dium containing 1.3 mM Ca and plated using
the micro-mass technique [Ahrens, 1977] at a
density of 0.75 million cells per 20 ml drop in
35 3 10 mm Falcon dishes and allowed to
attach for 2 h in a humidified atmosphere of
5% CO2 at 37°. After 2 h, Dulbecco’s Modified
Essential Medium (DMEM; GIBCO Formula
80-0303A, Grand Island, NY) containing
1.3 mM calcium chloride, 1,000 mg/l glucose
and supplemented with 50 units/ml penicillin
and 25 mg/ml streptomycin, 10% fetal calf
serum (GIBCO, Grand Island, NY), 25 mg/ml
ascorbic acid, and 0.3 mg/ml glutamine was
added. Mineralizing cultures were supple-
mented with either 3 mM inorganic phos-
phate or 2.5 mM b-glycerophosphate from
day 2 onward. The rate of mineral accretion
with these two additives and the pattern of
mineralization are comparable, although phos-
phate does not start to accumulate in the
b-glycerophosphate treated cultures until day
9 [Boskey et al., 1996]. Control cultures re-
ceived no phosphate supplements. Media was
changed every 48 h. Cultures were maintained
for 21–23 days with day 0 referring to the day
of plating.

Antibody Addition
Nonspecific goat antichick IgG was ob-

tained from Sigma Chemicals (St. Louis,
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MO). Anti-chick type I collagen polyclonal
antibodies and antichick type III collagen
polyclonal antibodies were purchased from
Southern Biotechnology Associates, Inc. (Bir-
mingham, AL). The goat anti-type I collagen
is reported to show less than 10% cross-
reactivity with types II, III, IV, V and VI
collagen (Southern Biotechnology Associates,
Inc.). Fab’ fragments of each of these antibod-
ies were prepared by pepsin digestion as de-
scribed by Brackenbury et al. [1977]. In brief,
the antibody was dissolved (10 mg/ml) in
0.1M sodium acetate and incubated with
5mg/ml twice crystallized pepsin (Worthing-
ton Biochemical Corp., Lakewood, NJ) for
24 h at 37°. The product was converted to
monovalent Fab’ by successive repeated dial-
yses against 0.1M 2-mercaptoethanol in
phosphate buffered saline (PBS), then
against 0.1M iodoacetamide in PBS, and then
against PBS. One ml aliquots containing
'800 ng/ml Fab’ were stored at -20° until
use. The effectiveness of the pepsin cleavage
was documented by SDS-PAGE [Gallagher
and Smith, 1995] with Coomassie and silver
staining, and Fab’ concentrations confirmed
by the Bradford dye binding assay [BioRad,
Cambridge, MA]. For these analyses, the in-

tact antibodies (400 mg/ml) and the Fab’ frag-
ments ('200 mg/ml) were loaded as 5 and 30
or 10 and 60 l aliquots.

Specific and nonspecific antibodies were
added to the cultures in concentrations from
1–200 ng/ml either acutely, on a single day,
or continuously with each media change. Ad-
dition commenced on day 5, 7, 9, 11, or 16 of
culture.

Immunocytochemistry
The cultures at day 16 or 21 were preserved

in 70% ethyl alcohol or aldehyde fixative (2%
paraformaldehyde plus 0.5% glutaraldehyde in
0.05 M cacodylate buffer, pH 7.4) for 2 h at
room temperature. Tissues were rinsed in
phosphate buffered saline (PBS, pH 7.4),
blocked with DAKO serum-free blocking agent,
and treated with goat anticollagen type I
(Southern Biotechnology, Inc.). The primary
antibody was used at 1:10 dilution in PBS for
18 h at 4°C. Tissues were rinsed in PBS,
treated with biotin labeled anti-IgG for 1 h at
room temperature, rinsed in PBS, and then
treated with streptavidin conjugated to horse-
radish peroxidase for 1 h at room temperature.
Antibody localization was visualized with the
diaminobenzidine reaction in PBS for 10 min.
Tissues were counterstained with methyl

Fig. 1. Distribution of type I collagen in the mineralizing
cultures at day 16. The type I collagen antibody (localized with
biotin labeled anti-IgG, colocalized with streptavidin conju-
gated to horseradish peroxidase, and visualized with the dia-

minobenzidine) is localized around the periphery of the nod-
ules. Left panel is cross-section, right panel is longitudinal
section. Arrows point to periphery. Tissues counterstained with
methyl green.

91Type I Collagen Influences Cartilage Calcification



green. Specificity of the type I antibody was
confirmed by its reaction with rat tendon and
chick cortical bone.

Cell Viability and Apoptosis
To determine whether the antibodies were

altering cell viability, cultures were collected

at day 16 or 21 and stained for cell viability
and the distribution of apoptotic cells. Cell
viability was determined with the Live/Dead
viability kit available from Molecular Probes
(Eugene, OR). In this method, a cell per-
meant substrate enters live cells and is

Fig. 2. Nonspecific Antibody Effects on Calcium Accumula-
tion. A: Differential 45Ca uptake (mineralizing(4P) - control(C))
in the mineralizing culture systems for all antibody-free exper-
iments (n 5 24), demonstrating the reproducibility, and justi-
fying the normalization to maximum uptake used in other
figures. B: Nonspecific IgG added after day 7 did not affect
calcium uptake. Symbols indicate date of addition, and con-
centration (ng/ml) added. C: Addition of Fab’ fragments of
nonspecific IgG on day 9 or day 12 does not effect calcium

uptake. D: Type III collagen antibodies added from day 9 in
concentrations of 0, 10, 100, and 200 ng/ml culture medium
did not alter Ca accumulation. Values for Figure 2B–D include
both total calcium and 45Ca uptake, and have been normalized
to express percent of maximum uptake at day 21. All data
indicate the differential uptake (mineralizing minus control) at
each time point. Mean 6 SD for a minimum of three different
experiments is presented. *P # 0.05 relative to antibody free
control at same time point.
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cleaved by intracellular esterase activity to
produce a green fluorescent signal. Nuclei of
all cells, dead or alive, are stained with
ethidium bromide, which causes all the nu-
clei to fluoresce red. The cultures are rinsed
with PBS and stained for 1–5 min in these
two reagents, then photographed with fluo-
rescent microscopy using appropriate filters
for the green cytoplasmic stain and the red
nuclear stain. To determine the number of
cartilage cells undergoing apoptosis, the end
labeling of DNA fragments was examined us-
ing the Apoptag Kit (Oncor, Gaithersberg,
MD). The staining method was applied to
frozen sections of the alcohol or aldehyde
fixed cultures [Hatori, 1995].

Mineral Analyses
The accumulation of mineral in the cul-

tures was assayed, as detailed elsewhere

[Boskey et al., 1992a; Boskey et al., 1997],
based on 45Ca uptake (expressed per DNA or
per total culture), or total calcium uptake,
determined by atomic absorption spectropho-
tometry [Willis, 1960]. Mineral uptake was
calculated after correcting for calcium accu-
mulation in nonmineralizing, similarly
treated cultures, sampled at the same time
point. This correction is necessary because in
this culture system the cartilage matrix itself
binds calcium [Boskey et al., 1991]. To com-
pare results based on the two different cal-
cium assays, most data is presented as a
fraction of the maximum in mineralizing cul-
tures (day 21 or 23) that did not receive an-
tibodies. In a limited number of cultures, the
presence of hydroxyapatite mineral was con-
firmed at day 21 by electron microscopy [Bos-
key et al., 1992a], FTIR microspectroscopy

Figure 2. (Continued.)
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[Boskey et al., 1992b], and x-ray diffraction
[Boskey et al., 1992a]. For the FTIR studies,
the cultures collected at day 21 were cryosec-
tioned directly on to barium fluoride win-
dows, and spectra recorded at 20 mm resolu-
tion using a BioRad Infrared Spectrometer
(Cambridge, MA) with an MCT detector.

Statistical Evaluation
Each experiment was done at least in tripli-

cate, with multiple (3–5) dishes of each condi-
tion and each time point for each experiment.
Mean and SD were calculated, and significant
differences between experimental and control
conditions evaluated based on ANOVA and the
appropriate statistical test. A P # 0.05 was
taken as significant.

Cell-Free Apatite Growth Studies

The rate of calcium and phosphate uptake in
the presence of 0–20 mg/ml nonspecific human
IgG (Sigma Chemicals, St. Louis, MO) and
chick type I collagen antibodies was monitored
at 37°C. Apatite “seed” crystals (0.5 mg/ml) of
known specific surface (54m2/gm) were incu-
bated in a metastable calcium phosphate solu-
tion containing 1.3 mM calcium chloride,
0.4 mM magnesium chloride, '1.7 mM
Na2H2PO4, 0.25 mM NaH2PO4, 117 mM NaCl,
and 0.05 mM Tris buffer (pH 7.4), and 1.0 mM
ammonium acid phosphate in 0.15M Tris-
buffer containing the antibody. Aliquots were
removed at time 0 (before the addition of seeds)
and every 15 min for the next hour, hourly for
the next 6 h, and at 24 h. Following centrifu-
gation (2,300g) in a Beckman microfuge, sam-
ples were collected for measurement of total
protein (BioRad Dye Binding Assay, Pierce
Chemicals, Brooklyn NY), calcium [Willis,
1960], and inorganic phosphate [Heinonen and
Lahti, 1981]. For the nonspecific IgG studies,
solutions contained 0–18 mg/ml human IgG.
Since the IgG preparations (supplied in
phosphate-buffered saline) increased the phos-
phate concentration of the test solutions, each
experiment had its own control, with adjusted
to that of the IgG containing solution by pre-
liminary analysis of phosphate contents [Hei-
nonen and Lahti, 1981]. The type I collagen
antibody was dissolved in Tris buffer, therefore
phosphate modification was not needed. Each
experiment was repeated in triplicate, and val-

ues expressed as mean 6 SD for n 5 3 inde-
pendent experiments.

The binding affinity for apatite was calcu-
lated using the Langmuir adsorption isotherm
model for data obtained at 37° as described
elsewhere [Hay and Moreno, 1979; Boskey and
Dick, 1991]. In brief, 0.5–10 mg/ml apatite
crystals were incubated with 0–100 mg/ml IgG
for 24 h at 37°. The 24-h period was selected
following pilot studies which indicated binding
equilibrium was achieved in '16 h. The IgG
concentration of the initial solution (Co) and
the equilibrium concentration after adsorption
to the apatite (Ce) were measured using the
Bradford dye binding protein assay (BioRad),
with IgG as standard. The amount of IgG
bound per surface area (Q) was calculated us-
ing the specific surface of the apatite (54 m2/
gm). An isotherm was plotted, and the linear-
ized form of the Langmuir adsorption isotherm
constructed as described elsewhere [Hay and
Moreno, 1979]. The linearized form was writ-
ten:

Ce/Q 5 1/NK 1 Ce/N

in which N is the maximum number of adsorp-
tion sites per unit surface area of the adsor-
bent, and K is an estimate of the affinity of the
absorbate for those sites.

RESULTS

Figure 1 shows the distribution of type I
collagen in the mineralizing differentiating
mesenchymal cell micro-mass cultures at day
16. As can be seen from the dark staining of the
second antibody, type I collagen is found at the
periphery of the chondrocyte nodules. Earlier
studies demonstrated that the type I collagen
gene is expressed throughout the culture pe-
riod [Boskey et al., 1992a; Kosher et al., 1986].

In the mineralizing cultures, in the absence
of added antibody, differential calcium uptake
(calculated as the difference between 45Ca ac-
cumulation in mineralizing and identically
treated control cultures) is extremely reproduc-
ible. Figure 2A shows the precision of these
results from 24 independent experiments. The
shape of the curve based on total calcium accu-
mulation was indistinguishable from this
curve (data not shown). To compare calcium
uptake in the presence and absence of addi-
tives, differential calcium uptakes are ex-
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pressed as percentage of the day 23 or day 21
maximum in mineralizing cultures that did not
receive antibodies. As seen in Figure 2B and C,
adding a nonspecific goat anti-chick IgG to the
cultures at different time points both as the
intact antibody (Fig. 2B) and its Fab’ frag-
ments (Fig. 2C) had no effect on calcium accu-
mulation when the antibody was added after
day 7. Earlier addition markedly decreased
mineral accumulation (not shown) and re-

tarded the growth of the cultures. Similar ef-
fects were seen whether addition was acute or
chronic. Comparably, addition of an antibody
to a collagen that is not mineralized (type III
collagen) also had no effect on calcium accumu-
lation (Fig. 2D).

In contrast, when the type I collagen anti-
bodies were added, either acutely or continu-
ously, after day 9 or 11, there was a decrease in
the amount of mineral accumulated (Fig. 3A).

Fig. 3. Addition of Type I Collagen Antibodies Blocks Mineral
Accumulation. A: Intact antibody addition acutely on day 9 (A-1)
or continuously on day 9 (A-2), acutely on day 11 (A-3), or
continuously on day 11 (A-4) decreases calcium uptake. B: Fab’
fragment addition acutely (A), or continuously (C) on day 9 (B-1),
or day 11 (B-2) similarly blocks calcium uptake. All values are
Mean 6 SD. Values include both total calcium and 45Ca uptake,

and have been normalized to express percent of maximum up-
take at day 21. All data indicate the differential uptake (mineral-
izing minus control) at each time point. Mean 6SD for a mini-
mum of three different experiments is presented. * indicates
significant difference from cultures without antibodies at the
same time point, P # 0.05, Bonferroni multiple comparisons test.
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As seen, the inhibition was greatest for contin-
uous addition of 200 ng/ml antibody, while
there was a slight but not consistently signifi-
cant decrease with 10 ng/ml. The Fab’ frag-
ments stock concentration was 160mg/ml, thus
as indicated in Figure 3B, 4, 40, or 80 ng/ml
was added to the cultures. As with the higher
concentrations of the intact antibody, continu-
ous addition of Fab’ fragments was more effec-
tive in blocking calcium uptake than a single
addition, either at day 9 (Fig. 3B-1) or day 11
(Fig. 3B-2). Whether intact antibody was
added, or Fab’ fragments the decrease in cal-
cium uptake with antibody addition at day 11
was less than that when the antibody was
added at day 9.

The addition of the type I collagen antibod-
ies did not increase cell death or effect
apoptosis (not shown). The overall distribu-
tion of mineral in cultures with and without
antibodies was not different. The mineral
was associated with both thin and thick col-
lagen fibrils and with matrix vesicles
whether or not type I collagen was blocked;
however, there was substantially less min-
eral accumulation along the thick collagen
fibers when the antibody was present (Fig.
4A, B). Matrix vesicle mineral distribution
was not affected by the presence of the colla-
gen antibody (Fig. 4C, D). To verify that the
blocking antibodies were having their effect
due to interaction with the collagen rather
than with forming apatite crystals, solution
studies were performed. As summarized in
Figure 5, over a wide range of concentrations,
neither the nonspecific (Fig. 5A) nor the type
I collagen antibodies (Fig. 5B) affected apa-
tite seeded growth. The affinity calculated for
IgG binding to apatite based on a Langmuir
model was K 5 1.44 ml/mg protein, with N 5
0.018mg protein/m2 (Fig. 5C, D).

DISCUSSION

During endochondral ossification in situ,
mineral deposits on a matrix containing both
types I and II collagens [von der Mark and
von der Mark, 1977; Yasui et al., 1984; Bi-
anco et al., 1998]. The variable distribution of
these collagen types in the calcifying zones of
the growth plates of different species [von der
Mark and von der Mark, 1977; Yasui et al.,
1984; Reichenberger et al., 1991; Kirsch et

al., 1992; Bianco et al., 1998; Ishii et al.,
1998; Nie et al., 1999] and the different mor-
phological sites of the same species [Ishii et
al., 1998] has led to debate about the impor-
tance of type I collagen for cartilage calcifi-
cation. At least in the chick, there is data
demonstrating a genetically controlled
switch from type I to type II collagen produc-
tion in hypertrophic chondrocytes [Boskey
and Dick, 1991], however in the chick limb
type I mRNA levels are reported to be invari-
ant [Devlin et al., 1988]. The present study,
which used a culture system that mimics the
initial stages of endochondral ossification,
but lacks the osteoclasts responsible for re-
modeling the tissue, now demonstrates that
blocking type I collagen can affect the extent
of mineral deposition. The studies also sug-
gest that the immunoblocking procedure is a
valid technique for analyzing effects of extra-
cellular matrix proteins on cell-mediated
mineralization.

In the differentiating chick limb-bud mes-
enchymal cell micro-mass culture system, the
mesenchymal cells differentiate to form chon-
drocytes [Binderman et al., 1979; Hadhazy et
al., 1982; Boskey et al., 1992a; Shakibaei et
al., 1993]. The mesenchymal cells express
type I collagen, while the differentiated chon-
drocytes express type II, IX, XI and later type
X collagen [Kosher et al., 1986; Devlin et al.,
1988; Boskey et al., 1992a; Daniels et al.,
1996; Nah et al., 1996], proteoglycan core
protein [Boskey et al., 1992a], and other pro-
teins characteristic of growth plate chondro-
cytes [Boskey et al., 1992a]. In the chick and
rodent micro-mass mesenchymal cell cul-
tures, as well as in the intact animal, Type I
collagen expression persists and is expressed
in some calcifying nodules along with osteo-
calcin and bone sialoprotein [Langille and
Solursh, 1990] and osteonectin [Pacifici et al.,
1990]. The type I collagen may be produced
by periochondral cells, fibroblasts, and per-
haps by mature hypertrophic chondrocytes
[Roach, 1997]. Because the mesenchymal
cells that persist in the culture continue to
express type I collagen, it has been difficult to
use in situ hybridization to conclusively iden-
tify the origin of type I collagen in the micro-
mass cultures. It is known that maturation of
the cultures is accelerated when cells are
grown on a type I collagen substratum, as
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contrasted with laminin fibronectin, or tissue
culture plastic [Boskey et al., 1999]. Thus, as
has been reported for osteoblasts [Lynch et
al., 1995], type I collagen seems to be impor-
tant for the attachment and differentiation of
these cells.

Collagen synthesis is an absolute require-
ment for mineralization of these cultures
[Boskey et al., 1991]. The predominant colla-
gen product of the differentiated mesenchy-
mal cells is type II [Boskey et al., 1992a;
Daniels et al., 1996; Langille and Solursh,
1990]. While blocking type II collagen expres-
sion was not possible because it is the major
product of these cultures, it was hypothe-
sized that blocking antibodies might be used
to examine the function of the type I collagen
present. Such immunoblocking (neutralizing-
antibody) techniques have been used, inter
alia, for the in vitro study of thymus cells

[Wilson and DeLuca, 1997], breast carcinoma
cells [DeLuca et al., 1999] and nerve cells
[Wood et al., 1990]. There are few reports of
their use in chondrocyte cultures. Two are
studies of parathyroid hormone and parathy-
roid related peptide functions [Harvey et al.,
1999; Wood et al., 1990], and there is one
study of the use of blocking antibodies to
evaluate the role of integrins in the micro-
mass culture system [Shakibaei and Merker,
1999].

Although blocking antibodies have not pre-
viously been used in culture systems to test
hypothesis about physiologic mineralization,
there is a single report that the use of a
blocking antibody to bone sialoprotein pro-
tein to prevent osteoblast differentiation re-
sulted in a failure of the matrix to calcify
[Cooper et al., 1998]. However, because the
antibody also decreased osteocalcin and other

Fig. 4. Appearance of collagen and matrix vesicles in the
presence (A, C) and absence (B, D) of 200 ng/ml collaten type
I antibodies, added acutely from day 11. There is much less
mineral (arrows) associated with the collagen fibrils adjacent to
the chondrocytes (C) in the presence of antibody (A), than in the

absence of antibody (B). Magnification 25,0003. In contrast,
the distribution of mineral crystals in the extracellular matrix
vesicles (arrows) was similar whether or not antibody was
present (C, D). Magnification 85,0003.

97Type I Collagen Influences Cartilage Calcification



matrix protein accumulation as well as block-
ing osteoblast differentiation, effects on ma-
trix synthesis and mineralization cannot be
distinguished. Results presented in the
present study provide evidence that immuno-
globulins do not bind significantly to apatite
mineral crystals, do not affect mineral crys-

tal growth in vitro, and, therefore, studies
with blocking antibodies can be used to eval-
uate the mineralization process. It must be
remembered in these studies, as discussed
below, that matrix proteins interact with one
another, thus while the current study shows
that blocking type I collagen decreases min-

Fig. 5. Effects of Antibodies on Apatite Growth in Cell-Free
Solution. A: The effect of nonspecific IgG (18 mg/ml) on the
growth of apatite seed crystals (0.5 mg/ml). Values shown are
Mean 6 SD. Concentrations of calcium (squares) and phos-
phate (triangles) in the presence (open symbols) or absence
(solid symbols) of IgG. B: The effect of the collagen antibody
(200 ng/ml) on the growth of apatite seed crystals (0.5 mg/ml).

Symbols are as in 5A. C: The binding isotherm for IgG to
hydroxyapatite, specific surface 54m2/gm. Ce is the equilib-
rium concentration of IgG, measured by the BioRad Dye bind-
ing assay, Q is the amount bound per surface area of apatite.
The insert (D) shows the linearization of the data from which
the binding constants were determined. The calculated affinity
of apatite for IgG was K 5 1.44ml/mg protein, N 5 .018 mg/m2.
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eral accretion, there are multiple potential
mechanisms. It may be that the antibody pre-
vents accumulation of one or more matrix
proteins that play a more direct role in
collagen-based mineralization, or that the
antibody directly prevents the nucleation of
calcium phosphate on the collagen fibrils.

When nonspecific antibodies were added to
the differentiating mesenchymal cell cul-
tures while cell proliferation and differentia-
tion was dominant (days 2–7), the cultures
were reduced in size, and mineral uptake was

diminished. This may be attributed to the
presence of large molecules in the culture,
which in turn might inhibit those cell-cell
and cell-matrix interactions that are re-
quired for differentiation [Cao et al., 1999].
They may also have blocked access of the
cells to nutrients. Addition of nonspecific an-
tibody after day 7, in contrast, had no effect
on the appearance of the culture, and on the
calcium uptake. Immunoblocking type III col-
lagen, a collagen which is deposited prior to
deposition of types I and II collagen in these

Figure 5. (Continued.)
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cultures [von der Mark and von der Mark,
1977], but which does not mineralize, also did
not affect calcium uptake. Immunoblocking
of type I collagen on day 9 or 11 did not alter
the appearance of the cultures and was not
toxic to the cells. It did, however, signifi-
cantly decrease calcium accumulation. This
effect was dose dependent but appeared to
saturate since effects with 100 and 200 ng/ml
were comparable.

Analogies to in situ mineralization are ap-
parent. During endochondral ossification, as
type I collagen is laid down, the extent of
mineralization dramatically increases. Al-
though initial mineralization may occur as-
sociated with extracellular matrix vesicles
[Anderson, 1995], the mineral rapidly spreads
to the collagen fibrils. Clinically, altered type
I collagen structure in some patients with
osteogenesis imperfecta has been associated
with defective endochondral ossification no-
ticeable within the calcifying cartilage zone
[Cole et al., 1992]. Moreover, in patients with
achondrogenesis who lack type II collagen,
types I and III collagen is found in their
hyaline and growth cartilage enabling them
to develop but not mature normally [Chan et
al., 1995]. Since type I collagen provides the
template for mineral deposition in most tis-
sues throughout the body [Glimcher, 1989], it
is reasonable to predict that if sites on the
type I collagen fibrils are blocked, mineral-
ization would be decreased. It is possible that
the antibodies, both the larger intact ones
and the smaller Fab’ fragments, block sites
near the collagen hole zones and thus de-
crease initiation of mineral deposition in
these sites of initial mineral formation [Glim-
cher, 1989]. Whether the antibodies are also
blocking exposure to noncollagenous matrix
proteins that are localized in these zones and
can function as apatite nucleators and regu-
lators of apatite growth [Boskey, 1989; Glim-
cher, 1989] or simply blocking sites on the
collagen template, cannot be determined
from the current studies.

The success of this immunoblocking study
and the lessons learned from it now pave the
way for addressing the function of other matrix
molecules in the calcification process using the
immunoblocking technique. Challenges in the
case of the less abundant matrix proteins will
be ensuring penetration of the antibody to the

sites of matrix protein localization, and selec-
tion of the appropriate times for antibody ad-
dition. The use of Fab’ fragments seems ideal
for such analyses.
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