Cells and Materials

Volume 6 _
Number 1 Numbers 1-3 Article 23

1996

Collagen Fibres are Not Required for Initial Matrix Mineralization
by Bone Cells

M. M. Hosseini
University of Toronto

S. A. F. Peel
University of Toronto

J. E. Davies
University of Toronto

Follow this and additional works at: https://digitalcommons.usu.edu/cellsandmaterials

b Part of the Biomedical Engineering and Bioengineering Commons

Recommended Citation

Hosseini, M. M.; Peel, S. A. F,; and Davies, J. E. (1996) "Collagen Fibres are Not Required for Initial Matrix
Mineralization by Bone Cells," Cells and Materials: Vol. 6 : No. 1, Article 23.

Available at: https://digitalcommons.usu.edu/cellsandmaterials/vol6/iss1/23

This Article is brought to you for free and open access by
the Western Dairy Center at DigitalCommons@USU. It
has been accepted for inclusion in Cells and Materials by /[x\

an authorized administrator of DigitalCommons@USU. N . .
For more information, please contact élla' ,()Al UtahStateUniversity

digitalcommons@usu.edu. { MERRILL-CAZIER LIBRARY


https://digitalcommons.usu.edu/cellsandmaterials
https://digitalcommons.usu.edu/cellsandmaterials/vol6
https://digitalcommons.usu.edu/cellsandmaterials/vol6/iss1
https://digitalcommons.usu.edu/cellsandmaterials/vol6/iss1/23
https://digitalcommons.usu.edu/cellsandmaterials?utm_source=digitalcommons.usu.edu%2Fcellsandmaterials%2Fvol6%2Fiss1%2F23&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/229?utm_source=digitalcommons.usu.edu%2Fcellsandmaterials%2Fvol6%2Fiss1%2F23&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.usu.edu/cellsandmaterials/vol6/iss1/23?utm_source=digitalcommons.usu.edu%2Fcellsandmaterials%2Fvol6%2Fiss1%2F23&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@usu.edu
http://library.usu.edu/
http://library.usu.edu/

Cells and Materials Vol. 6, No. 1-3, 1996 (Pages 233-250)
Scanning Microscopy International, Chicago (AMF O’Hare), IL 60666 USA

COLLAGEN FIBRES ARE NOT REQUIRED FOR
INITIAL MATRIX MINERALIZATION BY BONE CELLS

M.M. Hosseini, S.A.F. Peel and J.E. Davies"

1051-6794/96$5.00+ .25

Centre for Biomaterials, University of Toronto,
170 College Street, Toronto, Ontario, Canada, M3S 3E3

(Received for publication June 25, 1996 and in revised form December 27, 1996)

Abstract

Passaged primary cultures of young adult rat bone
marrow cells were maintained in medium containing
combinations of the supplements dexamethasone, ascor-
bic acid and Na-f-glycerophosphate. The cultures were
examined by both light and scanning electron micros-
copy (with additional energy dispersive X-ray analysis).
In cultures with fully supplemented medium, an extracel-
lular matrix formed at the culture dish surface, beneath
developing bone nodules; this matrix was mineralized
but collagen-fibre free and corresponded to that which
we have reported previously as the equivalent of the
cement line in vivo. In selected samples this interfacial,
cement line, matrix was analyzed by X-ray photoelectron
spectroscopy. No evidence of this matrix was seen in
the absence of dexamethasone, although collagen pro-
duction was evident if ascorbic acid was present. No
extracellular matrix of any type was visualized in cul-
tures devoid of all three supplements. In the dexa-
methasone-containing cultures, collagen production was
not evident in the absence of ascorbic acid. Addition of
B-glycerophosphate augmented the amount of mineral-
ized matrix. However, matrix was also seen in the ab-
sence of this supplement, demonstrating that Na-{-glyc-
erophosphate was not essential to derive this biologically
produced interfacial matrix. The results illustrate that
the cement line matrix is the result of matrix production
by differentiating osteogenic cells.

Key Words: Differentiating osteogenic cells, mineral-
ized matrix, collagen, ascorbic acid, dexamethasone.
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Introduction

We have recently shown that differentiating osteo-
genic cells, derived from explants of young adult rat
bone marrow, elaborate an interfacial matrix with the
culture substratum which is collagen-free (Davies er al.
1991a,b). We hypothesized that this matrix was analo-
gous not only to cement lines in natural bone tissue, but
also constituted the baseline bone interface with endosse-
ous implants. While we have shown that, indeed, mor-
phological similarities can be observed between this in
vitro matrix and that at cement lines in bony remodeling
sites (Zhou et al., 1994), we and others have also dem-
onstrated that implant surfaces of various material types
may demonstrate the same cement line-like matrix in
vivo (Jarco, 1981; Pilliar et al., 1991; Orr et al., 1992;
Baldan er al., 1994; Davies and Baldan, 1997). These
results have been confirmed by other workers (Sautier et
al., 1991; de Bruijn et al., 1992a,b; Nanci ef al., 1996).
Clearly, therefore, the culture model which we employ
is capable of reproducing known in vivo morphological
structures, and may thus be employed to dissect the
mechanisms of bone formation at interfaces, in addition
to determining the critical factors present in our culture
medium which promote this particular osteogenic cell
phenotypic expression. This application is of particular
importance in unraveling the matrix elaboration events
which culminate in mature osteoblastic phenotypic ex-
pression since, due to extensive work by others on gene
expression in osteoblast differentiation, it is commonly
held that collagen production precedes mineralization in
bone (Stein er al., 1989, 1990; Owen et al., 1990; Lian
and Stein, 1992; Quarles er al., 1992; Liu et al., 1994;
Malaval et al., 1994). The latter statement, while sup-
ported by the work of Aronow et al. (1990) and Owen
et al. (1990), is not corroborated by either our morpho-
logical (Davies et al., 1991a,b), or biolabeling, studies
(Shen er al., 1993) and thus raises a doubt concerning
the congruence of mRNA expression and the elaboration
of a bony extracellular matrix.

We believe that the interfacial matrix is initially laid
down by differentiating osteogenic cells as a proteinace-
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ous layer, which provides the nucleation sites for cal-
cium phosphate crystallization and which increasingly
mineralizes due to crystal growth, prior to the assembly
of collagenous matrix. The latter then also undergoes
mineralization.

In order to unravel the sequence of events in bone
matrix assembly, we have conducted a series of experi
ments to block different stages of development in the
formation of bone matrix by adding, or not adding, spe-
cial components of the culture medium. The basic cul-
ture medium was a-MEM supplemented with fetal calf
serum and antibiotics. The supplements used in differ-
ent combinations were ascorbic acid, known to be im-
portant for collagen matrix assembly; (-glycerophos-
phate, important for mineralization as an organic phos-
phate source; and dexamethasone, known to stimulate
osteogenesis by causing undifferentiated osteogenic cells
to commit to the osteogenic differentiation pathway.

Materials and Methods

Cell culturing materials

The materials used in the experiments were obtained
from various sources. The 35 mm polystyrene tissue
culture dishes and the 25 cm? tissue culture (T25) flasks
were obtained from Corning Glass Works, NY. The 70
pum nylon Cell Strainer was purchased from Beckton
Dickinson Labware, Lincoln Park, NJ. The ascorbic
acid free alpha minimum essential medium (o-MEM)
was provided by the medium preparation laboratory of
the Faculty of Medicine, University of Toronto. The
fetal calf serum (FCS), trypsin and gentamycin were
obtained from GIBCO BRL Life Technologies Inc.,
Gaithersburg MD. The penicillin G, amphotericin B, L-
ascorbic acid (A), Na-(-glycerophosphate (3) and dexa-
methasone (D) were obtained from Sigma Chemical
Company, St. Louis, MO. All other chemicals and
materials were obtained from local suppliers.

Cell isolation

Rat bone marrow cells (RBMC) were obtained ac-
cording to the method previously described (Davies et
al., 1991a). Briefly, femora derived from young adult
(115-125 g) Wistar rats (Charles River) were excised
and transferred into an antibiotic/fungizone solution
{penicillin G (1670 units/ml), gentamycin (500 pg/ml),
amphotericin B (3 pg/ml)}. After remaining 10 minutes
in this solution, the femora were transferred into the
same solution. This washing procedure was repeated a
total of three times. Subsequently, the femora were
transferred into ascorbic acid free alpha minimal es-
sential medium (a-MEM). Epiphyses were removed and
the marrow from each diaphysis was flushed out with 16
ml supplemented with 15% fetal calf serum (FCS), to-
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gether with antibiotics and fungizone at one tenth the
concentration used during excision. Marrow cells of
both femoral diaphyses were collected in a sterile 50 ml
centrifuge tube and cultured in the above medium con-
taining all possible combinations of supplements of 100
pug/ml L-ascorbic acid (A), 10 mM g-glycerophosphate
(8), 10® M dexamethasone (D). The resultant culture
sub-groups are illustrated in Table 1.

Cell culture

Four ml of the cell suspension, supplemented with
the specific components of each group, were cultured in
T25 flasks and maintained in an incubator with a humi-
dified atmosphere consisting of 95% air and 5% CO, at
37°C, and 100% relative humidity. The medium was
changed three times a week. The first medium change
occurred on day one; from then on the amount of me-
dium per flask was increased to 5 ml. On day six the
cells were subcultured, following which they were enzy-
matically released using 0.01% trypsin. These trypsi-
nized cells were plated using, or not using, a cell
strainer, onto 35 mm diameter polystyrene tissue culture
dishes at approximately 10* cells per cm? and cultured
for 14 days. Cell counts were carried out using a
Coulter Counter® model ZM (Coulter Electronics Ltd.,
Luton, Beds., U.K.).

Light microscopy

Each culture dish was marked at several spots in
order to take photomicrographs using phase optics of the
same fields of view, each day, during the culture period.
Furthermore, following fixation, representative dishes of
each culture sub-group were photographed at low magni-
fication (x 1.6 objective lens, x 10 eyepiece), employing
dark field optics, to demonstrate variations in the mor-
phology of the cultures.

Cell culture fixation

Cultures were washed 3 times in unsupplemented o-
MEM and 3 times in 0.1 M Na-cacodylate buffer at pH
7.3, following which they were fixed using Karnovsky’s
solution (2 % paraformaldehyde and 2.5 % glutaraldehyde
in 0.1 M Na-cacodylate at pH 7.3) at room temperature
for a minimum time of 2 hours. After fixation the cells
were washed 3 times in 0.1 M Na-cacodylate and post-
fixed in osmium tetroxide to preserve the cell mem-
branes. Cultures were fixed in 2% OsQOy4 in 0.1 M Na-
cacodylate for 90 minutes at room temperature and then
washed in 0.1 M Na-cacodylate.

Scanning electron microscopy (SEM)

Post fixed cultures were dehydrated through a
graded ethanol series and critical point dried from CO,
at a critical temperature of 31.1°C and a critical
pressure of (7544 hPa; hPa = hecta-Pascal or 100 New-
ton per square meter) (Ladd Research Industries Inc.,
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Burlington, VT). To examine the tissue at the cell-
substratum interface the overlying cell-multilayers were
removed using compressed air and the specimens were
sputter coated with approximately 15 nm platinum (Pola-
ron Instrument Inc., Doylestown, PA) or carbon (Ed-
wards vacuum coater model 306, Edwards High Vacuum
Ltd., Crawley, Sussex, U.K.) and examined in an SEM
(Hitachi model 2500; Hitachi, Tokyo, Japan) at an accel-
erating voltage of 15 to 20 kV or an Hitachi field emis-
sion SEM model 4500 at an accelerating voltage of 5 kV
furnished with a Link energy dispersive X-ray (EDX)
analysis system (Oxford Instruments, High Wycombe,
Bucks, U.K.).

X-ray photoelectron spectroscopy (XPS)

The elemental composition of the interfacial layer in
selected groups was examined using XPS. 14 day cell
cultures were Karnovsky fixed, critical point dried and
treated with compressed air as described above. The
spectra were obtained on a Leybold MAX 200 XPS sys-
tem utilizing an unmonochromatized Mg Ka X-ray
source operating at 12 kV and 25 mA. Presence of C,
O, N, Ca, and P was detected on spectra run in a low-
energy mode (pass energy = 192 eV) which were satel-
lite subtracted. The energy scale was calibrated against
Cu 2p;/, and Ag 3ds;, and scaled to place the main C
peak at 285.0 eV. Elements were detected by peaks
corresponding to their characteristic binding energies (O
1s: 531eV, N 1s: 402 eV, Ca 2p3/, : 347eV, C l1s:
285eV, S 2p : 164 eV and P 2p;), : 133 eV). Atomic
ratios of Ca and P were determined on spectra that were
normalized to unit transmission of the electron spectro-
meter and used sensitivity factors (Ca 1.98, P =
0.61) which were empirically derived by the machine
manufacturer.

Number of experiments

The entire experiment, including culture of the sub-
groups and analyses, was repeated three times to
generate the results reported herein.

Results

The explanted cells survived in all culture sub-
groups, although the number of cells recovered from
trypsinized primary cultures was different according to
the supplements to which the cells were exposed. In the
presence of ascorbic acid cells reached confluence 4-6
days after passage, whereas cultures in the absence of
ascorbic acid reached confluence between days 6 and 8.
Using the cell count numbers at subculturing, the yield
was about 8-fold lower in the absence of ascorbic acid
compared to the yield in the presence of ascorbic acid
after 6 days of primary culture. The yield, at passage,
was about 3-fold lower in the presence, thanin the
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Table 1. The combinations of medium supplements
used in the culture experiments.

Sub-group (-) A B D A3 AD D ABD
Ascorbic acid -+ - - $ -
B-Glycerophosphate - - + - + - + +
Dexamethasone - - -+ - +

absence, of dexamethasone; whereas, the presence or
absence of (-glycerophosphate appeared to have no in-
fluence on cell numbers, at this stage of the procedure.
The use of cell strainers created a more even cell dis-
tribution which resulted in a more regular coverage of
bone nodules on the culture surface, and in a more even
and synchronized matrix deposition at the interface com-
pared to the cell cultures that have not been strained at
subculturing (not shown). Following fixation, low
power dark field microscopy could be used to clearly
demonstrate differences in the overall culture morphol-
ogies in the differing sub-groups (Figs. 1A-1D).

Because of morphological differences in cell shape
and at the substratum interface, the other cultures have
been divided into two groups depending on the presence
of dexamethasone in the culture medium.
SEM observations: Cell-free control group

The cell free control group, containing fully
supplemented medium kept under the same culturing
conditions, and for the same time periods, as the other
cultures showed no deposits on the culture dish surface
(not shown).

SEM
cultures

observations: Dexamethasone-containing

This group was subdivided into four sub-groups
depending on the additions of ascorbic acid and (-gly-
cerophosphate, which are abbreviated herein to ASD,
AD, @D and D (see Table 1).

Fully supplemented sub-group (ASD): In the fully
supplemented ABD sub-group, which served as a posi-
tive control, after 14 days a bone like matrix had been
elaborated in the culture dishes, consisting of an inter-
facial mineralized matrix approximately 0.5 um in thick-
ness and an overlying collagenous matrix which, in spe-
cific sites, had already mineralized and had begun to
fuse with the interfacial matrix (not shown). Phase mi-
croscopy revealed that the cells within the developing
bone nodules appeared mostly cuboidal.

Sub-group (8D): Ascorbic acid free: In the D
sub-group, lacking only ascorbic acid as a supplement,
a similar interfacial matrix to the AGD sub-group was
elaborated. After 14 days, a continuous layer of about
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0.5 pm thickness with a morphology similar to that in
the fully supplemented group was observed (Figs. 2A
and 2B). However, no collagen fibre assembly could be
detected (Figs. 2A and 2B). Interestingly, the fact that
there was no collagen matrix assembly and hence no col-
lagen fibre incorporation in the interfacial matrix,
allowed a sufficient separation from the overlying cell
layer, uncovering vast areas of interfacial matrix (Fig.
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Figure 1. Dark field
light microscopy of RBM-
cultures: Cells were
cultured in different
supplemented media for
14 days and Karnovsky-
fixed: (A) D sub-group.
Cells form a confluent
layer with multilayered
patches and a patchy-
feathery overall appear-
ance (field width, FW =
2 mm); (B) § sub-group.
Cells are covering the

dish in a confluent
monolayer. No feathery
or stringy appearance

(field width 2 mm); (C)
ABD sub-group.  Cells
form multilayered nodules
with a feathery appear-
ance (FW = 2 mm); (D)
AfB sub-group. Cells
form confluent layer with
a few multilayered areas.
Note the stringy appear-

ance, reminiscent of
longitudinal fibroblastic
cell populations (FW = 2
mm).

2B). The cell morphology was similar to the AGD sub-
group.

Sub-groups (AD) and (D): f-glycerophosphate
free: In the AD and D sub-groups both containing
dexamethasone but lacking (§-glycerophosphate globules
could be seen at the substratum interface (Figs. 3A and
3B) and were seen fused together in the center of the
nodules (Fig. 3A). The extent of the formation of the
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Figure 2. Scanning electron micrographs of the interface in the 8D sub-group: (A) In this field of view, from a 14
day culture, the interfacial matrix can be seen to have an undulating appearance formed by the connected surfaces of
fused globules. Note the cell remnant in the top half of the picture (FW = 4.3 um). (B) After 14 days, the interfacial
cement-line matrix is clearly seen, in the absence of collagen fibres in this culture, after removal of the overlying
cellular sheet. The cracks visible in this field of view are the result of differential shrinkage, during processing for
scanning electron microscopy, and facilitate measurement of the depth of this matrix (~0.5 um) (FW = 17 um).

Figure 3. Scanning electron micrographs of the interface in the D sub-group: (A) In this scanning electron micrograph
(tilted specimen) globular accretions are seen at the interface between the dish surface and the overlying cell layers.
The globules are seen associated with cell processes. No collagen fibers are visible (FW = 8.5 um). (B) The atherous
appearance of this single globule (from Fig. 3A) is indicative of an heterogeneous structure (FW = 1.7 um).
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Figure 4. Scanning electron micrographs of the Ag, £
and AD sub-groups: (A) Within the cell layer of the AS
sub-group, collagenous matrix can be seen. It shows no
indication of mineralization. Note the part of a cell at
the upper edge of the picture (FW = 4.2 mm). (B) At
the interface underneath the cell layer in the § sub-group

no matrix deposition is visible (FW = 17 um). (C)
Within the cell sheet of the AD sub-group collagenous

matrix is seen. No indication of mineralization is visible
(FW = 17 um).
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interfacial matrix was, however, not as advanced as in
the previous -glycerophosphate containing sub-groups.
Only in the ascorbic acid containing AD sub-group was
a collagenous matrix overlying the interfacial matrix
(Fig. 4C). No evidence of mineralization of this
collagenous matrix was visible. The cell morphology
was similar to the sub-groups described above.

SEM observations:
dexamethasone

Cultures containing no

In parallel with the above cultures, this group was
also subdivided into four sub-groups depending on the
additions of ascorbic acid and 3-glycerophosphate, which
are abbreviated herein to A@, A, # and a negative con-
trol group (-) which contained no additions (see Table
1):

Sub-groups (Af) and (A): Containing ascorbic
acid: After 14 days no afibrillar matrix deposition at
the interface could be observed in either of these sub-
groups. In both sub-groups a collagenous matrix was
assembled (Fig. 4A) which, in neither case, appeared to
be mineralized. Morphologically, the cells were spindle
shaped, reminiscent of fibroblastic cell populations.

Sub-groups (8) and (-): Ascorbic acid free: After
14 days no interfacial or collagenous matrix deposition
could be detected (Fig. 4B). The morphology of the

cells was pleiomorphic including considerable amounts
of spindle shaped cells.

EDX observations

EDX dot mapping of the interfacial matrix elabo-
rated in the (D sub-group revealed the presence of P,



Collagen fibres are not required for matrix mineralization

e

52

e

Figure 5. Energy dispersive X-ray dot plot images in the $D sub-group after 14 days of culture: EDX images have
been obtained in a graphite-coated specimen of the GD sub-group, where the cellular layer had been removed using
blasts of compressed air. The picture shows the scanning electron image (SE) and the secondary images of the same
area obtained with signals selective for calcium and phosphorous. The secondary images of O, Ca and P are illustrated.
The secondary images reveal the same feature as the scanning electron image (FW = 15 um).

Ca and O with distributions congruent to that of the sec-
ondary image (Fig. 5). This distribution was similar to
previous observations of the fully supplemented ABD
sub-group, showing that the interfacial matrix was min-
eralized. EDX peak analysis also showed strong P and
Ca signals along with a S signal (Fig. 6A). The atomic
Ca/P ratio was calculated as 1.28. In order to examine
whether the globules laid down at the interface in the (-
glycerophosphate lacking cultures underwent mineraliza-
tion, EDX peak analysis was also applied in the D sub-
group (Fig. 6B). Only traces of P and Ca were de-
tectable again along with a S trace. The atomic Ca/P
ratio was with 1.32; in the range of the D sub-group.
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A negative control measured at the interface in an area
in between globules showed no significant peaks for any
of these elements (Fig. 6C). Compared to the signals
for P and Ca in the presence of §-glycerophosphate, the
signals in the (-glycerophosphate lacking cultures were
negligible, showing that the extent of mineralization in
these cultures was very poor.

XPS measurements

In addition to the EDX measurements, XPS analyses
in the different culture groups were carried out, after
using compressed air to uncover the interfacial matrix,
in order to determine the elemental composition of the
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Table 2. Summary of the observations in the different
culture sub-groups.

Sub-group

Matrix ABD (D AD D A3 A B ()
Interfacial + + + 4+ - - - -
Minerali.zed + + o

interfacial

Collagenous  + -+ -+ 4+ - -
Mineralized + } L
collagenous

latter. Interestingly, only in the 8D sub-group were
strong P and Ca signals measured along with O, N and
C signals representing the organic components of this
matrix (Fig. 7, upper plot). Traces of S were also de-
tectable. The atomic Ca/P ratio was quantified as 1.17.
In the fully supplemented AGD sub-group, no P and Ca
peaks were detectable (Fig. 7, lower plot), suggesting
that the interfacial matrix still was sufficiently covered
by poorly mineralized collagenous matrix and cell debris
trapped in this matrix. This assumption is supported by
our SEM observations. In the other culture groups, alsc
only very poor P and Ca levels in the range of back-
ground signals could be detected.

The SEM, EDX and XPS data are summarized in
Table 2.

Discussion

The experiments reported here not only confirm the
appearance of the interfacial matrix which has previously
been described both in vitro (Davies et al., 1990,
1991a,b; Lowenberg et al., 1991; Qui et al., 1993;
Nanci et al., 1996) and in vivo (Zhou et al., 1994), but
also dissect the structural and compositional components
of this matrix, by manipulation of the culture medium.

The most striking observation from these experi-
ments is that they provide clear evidence that collagen is
not required for matrix mineralization, and that not only
does a mineralized interfacial matrix precede collagen fi-
ber assembly, but that this unique matrix may be elabor-
ated even in the complete absence of collagen in the
extracellular compartment. These findings would seem
to contradict conventional wisdom which, based on the
in vitro work of Owen et al. (1990) and Aronow er al.
(1990), holds that collagen matrix assembly is an essen-
tial prerequisite for mineralization in bone. Neverthe-
less, the results of the present study do illustrate a path-
way by which the collagen-free cement line interfacial
matrix of bone, which has hitherto remained refractory
to detailed compositional analysis, could be elaborated
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Figure 6. EDX peak analysis in the D sub-group and
D sub-group: EDX peak analysis has been applied in
single globular accretions in the D sub-group, the D
sub-group and in an area without interfacial matrix,
which served as a negative control. (A) EDX peak anal-
ysis shows strong signals for calcium phosphate (O, P
and Ca) in the accretions of the D sub-group. Sodium
(Na) appears also to be entrapped in the globules. (B)
In the D sub-group the globules only show weak signals
for Ca, P and O, indicating that they are poorly mineral-
ized. A trace of sulfur (S) can be detected. Sodium
(Na) is again entrapped in globular accretions. (C) The
negative control shows no signals for P, O, Ca or S.

by differentiating osteogenic cells. Indeed, de novo
bone formation occurs throughout life at remodeling
sites, and also at the surfaces of endosseous implants.
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Figure 7. X-ray photoelectron spectroscopy plots in the D sub-group and the ABD sub-group: XPS has been applied
in the D sub-group (represented by Fig. 2B) and the ASD sub-group in samples, where the cell layer has been
retracted using blasts of compressed air. Upper plot: 8D sub-group: Signals for Ca (347 eV) and P (133 eV and 190
eV) as well as signals for O (531 eV), N (402 eV) and C (285 eV), representing organic components are seen in this
diagram. Lower plot: ABD sub-group: No signals for Ca and P are apparent. However, strong signals for the organic
components (C, O and N) are seen, suggesting that the calcium phosphate is sufficiently covered by an organic matrix.

In bone cross-sections the borders, where new bone has
initially been laid down on the surface created by the
resorption of old bone can be seen as distinct lines,
termed cement lines. These cement lines were first
described by von Ebner (1875) and as collagen free by
Weidenreich (1930).
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That this culture system is able to produce an inter-
facial matrix which mimics that found in vivo is now in-
disputable. While early in vitro observations using this
culture system first permitted speculation regarding the
relevance of this cement line-like matrix, its cellular
provenance, and the similarity to other mesenchymally
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derived collagen-free hard tissue matrices (Davies et al.,
1991a), the first in vivo evidence of such a matrix was
gained through examination of retrieved endosseous im-
plant surfaces (Davies et al., 1991b; Pilliar ez al., 1991;
Orr et al., 1992; Baldan et al., 1994; Davies and
Baldan, 1997). These results have been confirmed by
other workers (Sautier et al., 1991; de Bruijn et al.,
1992a,b; Nanci er al., 1996). Interestingly, although
largely ignored, several reports containing electron
photomicrographs of bone cell culture systems also pro-
vide evidence of such a globular interfacial mineralized
matrix (Pockwinse ez al., 1992, 1993; Gerstenfeld er al.,
1993; Pitaru er al., 1993). More recently, this inter-
facial matrix has become evident at bone remodeling
sites (Zhou et al., 1994) indicating that the elaboration
of this interfacial matrix is a general biological phenom-
enon, at sites where bone interfaces different substrata,
whether an artificial implant material or bone itself. In
fact, earlier observations indicated that the interfacial
matrix is being laid down by differentiating osteogenic
cells in the form of globules with a diameter in the range
of 1 um. These globules subsequently increase in size
and number to form a confluent mineralized layer, the
interfacial matrix. Biolabeling studies have shown that
the organic component of the matrix is rich in both
osteopontin (Shen er al., 1993) and bone sialoprotein
(BSP; Peel, 1995), which corroborates the work of
McKee and colleagues in a variety of in vivo hard
tissues (1992, 1993; Chen et al., 1994; Nanci et al.,
1996). Collagen fibres appeared later in these cultures
after the mineralized interfacial matrix was formed,
suggesting that the mineralization of the interfacial
matrix occurred prior to collagen matrix assembly.

Summarizing these findings with respect to the
cement line, we suggested that this interfacial matrix is
initially laid down by differentiating osteogenic cells as
a proteinaceous layer, serving as the nucleation sites for
calcium phosphate crystallization and which increasingly
mineralizes due to crystal growth prior to the assembly
of collagenous matrix which also subsequently undergoes
mineralization (Davies, 1993, 1994). The fact, how-
ever, that in the culture dishes, the cells are not syn-
chronized regarding their developmental stage in differ-
entiation, did not allow us to strictly conclude that there
was mineralization prior to collagen fibre appearance be-
cause the possibility still existed that the collagen, pro-
duced by more differentiated cells in the center of the
nodule, might have an impact on the mineralization of
the interfacial matrix at the margin of the nodule, where
collagen was not yet assembled by the cells.

In the present experiments, the successful inhibition
of collagen matrix assembly by ascorbic acid deprivation
could be scrutinized by SEM observations in the ascor-
bic acid lacking sub-groups, which all showed no col-

242

lagen matrix assembly. This observation is in agreement
with previous studies of Anderson er al. (1984), who did
not find any matrix accumulation without ascorbic acid
supplementation in rabbit derived osteoblast-like cells
and Aronow et al. (1990), who could not detect collagen
using a hydroxyproline assay in rat calvaria osteoblast
cultures in the absence of ascorbic acid.

Ascorbic acid is involved in many biochemical steps
which require an antioxidant. In mesenchyme derived
cells, ascorbic acid is known to enhance collagen pro-
duction at multiple stages, such as transcription rate,
mRNA stability, translation efficiency, hydroxylation
and secretion. However, the post-transcriptional role of
ascorbic acid appears to be of more importance regard-
ing collagen matrix assembly (Chan er al., 1990; Fran-
ceschi and Iyer, 1992). A lineage schema has been pro-
posed for osteoblastic cells in which expression of sev-
eral markers and bone formation are used to isolate dis-
tinct temporary differentiation stages (Aubin et al.,
1995; Aubin and Turksen, 1996). Applying a three
stage model of proliferation, matrix maturation and min-
eralization, it has been stated that collagen matrix as-
sembly is a requirement for, and therefore precedes,
mineralization in bone (Aronow et al., 1990; Owen et
al., 1990; Stein et al., 1990; Lian and Stein, 1992).

The assurnpiion that a coliagenous matrix is required
for mineral deposition is experimentally based on two
studies of Owen er al. (1990) and Aronow e al. (1990).
In the first study, fetal rat calvaria cells were cultured in
MEM-medium until day 7 and then in BGJ,-medium
supplemented with 10% fetal calf serum and 10 mM g-
glycerophosphate and ascorbic acid in three different
concentrations of 0, 25, or 50 mg/l for different time
periods up to day 30. Ca accumulation was measured
by hydrolyzing the cell-layers and subsequently applying
atomic absorption spectroscopy. No Ca accumulation
was detected in any of the ascorbic acid lacking cultures
and Ca levels appeared to increase with ascorbic acid
concentration.

In the second study by Aronow et al. (1990), fetal
rat calvarial cells were cultured for 13, 20 and 24 days
in BGJy-medium and the less nutrient-rich MEM
medium, supplemented with 10% fetal calf serum
respectively, each medium in three groups with either no
further supplement, 50 mg/l ascorbic acid or both, 50
mg/l ascorbic acid and 10 mM S-glycerophosphate. Ca
accumulation was measured according to the first study.
In both media there was an increase of Ca accumulation
in the time course and related to the presence of §-
glycerophosphate. However, only in BGJj-medium
there was an increase in Ca accumulation related to
ascorbic acid presence, whereas in MEM-medium there
appeared to be no significant difference related to
ascorbic acid presence. In both media only low levels
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of Ca have been detected in the ascorbic acid lacking
cultures. Nevertheless, it has to be taken into account
that no (B-glycerophosphate had been added to these
cultures, and that in BGJ,-medium there are somewhat
higher calcium and phosphate ion concentrations. Col-
lagen was present in all ascorbic acid containing cultures
but in none of the ascorbic acid deprived cultures,
regardless of which medium had been used.

The observations in the D sub-group, reported
herein, clearly show that, in the absence of ascorbic
acid, an afibrillar interfacial matrix is formed showing
every morphological feature, including mineralization,
of the interfacial matrix in fully supplemented control
medium first described by Davies et al. (1991a), demon-
strating that neither ascorbic acid nor collagenous matrix
is required for mineral deposition. In parallel, an inter-
facial matrix did form in the ascorbic acid lacking D
sub-group according to that in the ascorbic acid contain-
ing AD sub-group showing again, that ascorbic acid had
no influence on the formation of this particular matrix.
Recent work by Franceschi and coworkers (1994) also
indicate that in MC3T3-E1 cells, which are considered
to mimic osteoblasts, ascorbic acid deficiency selectively
reduces the secretion of procollagen rather than non-spe-
cifically affecting all extracellular matrix molecules.
This is supported by other findings that bone proteins
such as fibronectin (Berg et al., 1983) and proteoglycans
(Spindler et al., 1989; Pacifici, 1990; Takeuchi et al.,
1993) are not affected by ascorbic acid. Another study
by Abe et al. (1993) with fetal rat mandibular cells also
reports of mineralization without adding ascorbic acid.
However, since a-MEM, which contains a basic level of
50 mg/l ascorbic acid was the basic medium, it cannot
be ruled out that the basic level of ascorbic acid did
allow the mineralization as well as the collagen forma-
tion, observed in their study.

A possible explanation, of the studies of Aronow et
al. (1990) and Owen et al. (1990), which found no
mineralization in the absence of ascorbic acid, in
contrast to the results reported herein could be the
following. In the presence of collagenous matrix, there
is an increased surface area available to which minerali-
zation initiators could bind. On the contrary, in the ab-
sence of collagenous matrix, only the surface of the cul-
ture dish is available (the interfacial matrix being about
0.5 pum in thickness and the collagenous matrix being
about 50 um in thickness). Possible candidates for initi-
ation of mineral deposition are noncollagenous bone pro-
teins (Stein et al., 1990; Gerstenfeld et al., 1987) or
proteoglycans which can initiate calcium phosphate min-
eralization, when immobilized to a surface (Linde and
Lussi, 1989; Linde ez al., 1989). They are also found
in higher concentrations at the mineralization front
(Boskey, 1985). Studies of Hunter and Goldberg (1993)
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indicate that BSP initiates hydroxyapatite crystal forma-
tion. A nucleator mediated mineralization could, in
part, explain why Aronow er al. (1990), and Owen ez
al. (1990) only measured very low mineralization levels
in their ascorbic acid deprived cultures. However, it
would not mean that biological mineralization phenom-
ena could not occur in the absence of collagen. Miner-
alization could still have occurred in the absence of
collagen matrix, however to a much lesser extent, due to
its restriction to the afibrillar interfacial matrix.

Another possible explanation for the controversy be-
tween the present data and the data from Owen ef al.
(1990) and Aronow ez al. (1990) is that osteoblast de-
rived proteins, which are required for mineralization,
can be also induced by other signal substances than as-
corbic acid or collagen. This possibility is underlined by
studies of Franceschi and Young (1990) who found that,
in MG-63 human osteosarcoma cells, alkaline phospha-
tase levels are increased 4-fold by 1,25-dihydroxyvita-
min D3 in the absence of ascorbic acid, whereas ascor-
bic acid in the absence of 1,25-dihydroxyvitamin Dy did
not significantly increase alkaline phosphatase. How-
ever, this does not negate the influence of dihydroxy-
vitamin Dj rather than ascorbic acid or collagen in play-
ing a dominant role in committing the osteoprogenitor
cells to the osteoblastic phenotype expression. In the
present culture system the glucocorticoid dexamethasone
is a similar candidate for such a signal substance
(Shalhoub et al., 1992), allowing further differentiation
in the absence of ascorbic acid.

Glucocorticoids, including the synthetic hormone
dexamethasone stimulate osteoprogenitor cells to follow
the osteogenic pathway in fetal rat calvaria (Canalis,
1983; Bellows et al., 1986, 1987, 1990; Pockwinse et
al., 1995), fetal rat mandible (Abe et al., 1993), rat
stromal cells (Maniatopoulos et al., 1988; Kasugai et
al., 1991; Yao et al., 1994; Herbertson and Aubin,
1995), chick (Owen, 1985; Tenenbaum and Heersche,
1985; McCulloch and Tenenbaum, 1986) and human
(Cheng er al., 1994), while they suppress the growth of
other cells particularly fibroblasts (McCulloch and
Tenenbaum, 1986; Tenenbaum ez al., 1986; Bellows et
al., 1990). This stimulation has been shown to be a
receptor mediated regulation of gene expression (Green
and Chambon, 1986), that is dose dependent (Canalis,
1983; Anderson er al., 1984). The effects of dexa-
methasone have also been shown to be potentiated and
modulated by the presence of other hormones such as
parathyroid hormone or 1,25 dihydroxyvitamin D;. The
effects of dexamethasone on different stages of differ-
entiation in the various cell populations present in rat
bone marrow have been discussed by many authors
(Howlett er al., 1986; Maniatopoulos er al., 1988;
Bellows er al., 1990; Aubin et al., 1992). Comparing
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alkaline phosphatase-positive and negative cell popula-
tions, Turksen and Aubin (1991) suggested that dexa-
methasone acts at the early osteoprogenitor-level,
whereas late osteoprogenitor cells are already committed
to become osteoblasts and do not need dexamethasone to
form bone nodules. In vivo, however, dexamethasone
decreases the number of osteoblasts and causes osteo-
porosis. This apparent contradiction has been explained
by the inhibitory effect of dexamethasone on the gener-
ation of new osteoprogenitor cells (Heersche, 1989).
Thus, although dexamethasone stimulates the early
osteoprogenitor cells to proliferate, the osteoprogenitor
reserves get depleted in vivo, because the stimulated
cells divide only a limited number of times, while not
being replaced from the stem cell population. In vitro,
however, dexamethasone may be applied as a useful
tool, to generate an adequate supply of differentiating
osteogenic cells by stimulating the early osteoprogenitor
population to proliferate.

In this culture system, dexamethasone has been
shown to be of particular importance in its stimulative
effects on osteoprogenitor cells rather than differentiated
osteoblasts (McCulloch and Tenenbaum, 1986; Maniato-
poulos et al., 1988; Malaval er al., 1994). This is con-
sistent with the present findings that for the elaboration
of the interfacial matrix, which is thought to be accom-
plished by the differentiating osteogenic cells and not by
mature osteoblasts, dexamethasone is the sole component
responsible. This assumption can be made because of
the constant finding of the interfacial matrix in the
dexamethasone containing sub-groups versus the com-
plete absence of such a layer in all the dexamethasone
deprived sub-groups.

Furthermore, this implies that only in the presence
of dexamethasone are the proteins responsible for the
formation of the interfacial matrix, which mineralizes in
the presence of (-glycerophosphate, expressed. This
conclusion is consistent with the observation in this
study, that the collagenous matrix only mineralizes in the
presence of dexamethasone, suggesting that proteins ex-
pressed by the dexamethasone stimulated osteogenic cells
rather than the collagenous matrix itself can be held re-
sponsible for mineralization. Accordingly, in recent
studies of Cheng and coworkers (1994) using human
bone marrow cells, mineralization only occurred in the
presence of dexamethasone, and dexamethasone was a
requirement for bone matrix formation.

Another factor that has to be taken into consider-
ation in comparing the studies of Owen ez al. (1990) and
Aronow et al. (1990) with the observations herein is the
different behavior of fetal calvaria cells, used in the
former studies and young adult bone marrow cells used
in the present study. Fetal explants are enriched in oste-
oblasts and immediate precursors of osteoblasts that

244

form bone-like tissue spontaneously, whereas adult bone
marrow cells, which appear to be less differentiated re-
quire a specific stimulus such as dexamethasone for oste-
ogenic differentiation. This is emphasized by studies of
Turksen and Aubin (1991) who, applying alkaline phos-
phatase immunoselective flow cytometry, divided fetal
rat calvarial cells into two osteogenic populations, al-
kaline phosphatase negative and alkaline phosphatase
positive populations. Only the latter was capable of
forming bone nodules in the absence of dexamethasone,
suggesting that the non-alkaline phosphatase expressing,
and therefore less mature, osteogenic population requires
dexamethasone to differentiate into bone nodule-forming
cells, while the more differentiated cells expressing alka-
line phosphatase will form bone nodules in the absence
of dexamethasone. Therefore, it is possible that the
events involved in the elaboration of the interfacial ma-
trix, which seem to occur in the very early stages of dif-
ferentiation of osteogenic cells cannot be mimicked as
adequately by using fetal rat calvarial cells in the ab-
sence of dexamethasone as they can be using the adult
rat bone marrow system, since they might already be too
differentiated to elaborate this early matrix. Recent
studies by Nanci et al. (1996) indicate the existence of
a similar interfacial matrix in rat calvaria cultures.

The finding that globules were present in non miner-
alizing (3-glycerophosphate lacking sub-groups makes it
unlikely that the deposition of the globules is a nonspe-
cific, or ectopic, precipitation phenomenon. Second, it
suggests that the production of the proteins forming the
globules is not induced by -glycerophosphate. In con-
trast to the observations reported herein, mineralization
in rat bone marrow cultures has been reported in the ab-
sence of (-glycerophosphate (Satomura and Nagayama,
1991; Satomura et al., 1991). These results, however,
were achieved using only 3 week old rats, and minerali-
zation occurred after culturing the cells for slightly
longer time periods than in the culture system of the
present study. The rationale for using 3-glycerophos-
phate as an additional source of phosphate ions is 2-fold.
First, whereas the inorganic phosphate levels in the
culture medium are in the physiological range, the
organic phosphate levels are well below the physiologi-
cal levels without the addition of (-glycerophosphate
(Hoffman, 1970). Second, by providing organic phos-
phate, phosphate ions are made available specifically in
locations where alkaline phosphatase is present, thereby
allowing a cellular control of mineralization and reduc-
ing the effects of possible nonspecific mineral precipi-
tation. Another reason for using an organic phosphate
source is that it may modulate phenotypic expression of
osteogenic cells. Tenenbaum er al. (1992) suggested
that osteogenic cells traverse an organic phosphate-sen-
sitive phase after which they may be incapable of normal
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mineralization if they have not been exposed to organic
phosphate during this period.

In the present study, 3-glycerophosphate was neces-
sary for mineralization and seemed to enhance the extent
of interfacial matrix production. This effect can be due
to the amount of calcium phosphate incorporation into
the interfacial matrix in the presence of (-glycerophos-
phate or due to an increased matrix protein production
or a combination of both. The observation that the early
accretions, prior to the giobules, were not visible in the
absence of (-glycerophosphate may as well be explained
either by the poor mineralization of these proteins mak-
ing them undetectable at the SEM-level, or by an en-
hancing effect of 8-glycerophosphate on the production
of proteins being present in these particular accretions.
In other rat bone marrow (Kasugai et al., 1991), chick
(Gerstenfeld ez al., 1987) and MG-63 osteosarcoma cell
studies (Franceschi and Young, 1990), it is shown that,
with the exception of alkaline phosphatase, mRNA levels
of other bone matrix proteins were not changed signifi-
cantly by (-glycerophosphate. These results are con-
firmed by the studies of Lee er al. (1992) in rat calvaria
in which they analyzed the synthesized proteins and their
mRNA levels in mineralizing and non-mineralizing cul-
tures in order to assess whether a negative feedback may
exist between matrix mineralization on the one hand and
the synthesis of bone matrix proteins on the other.
Their results indicated, that matrix mineralization, with
the exception of alkaline phosphatase, neither affected
the mRNA levels for osteopontin, type I collagen, BSP
and osteocalcin nor indeed the synthesis of total protein
of collagen I and osteocalcin. However, in MC3T3-E1
cells, B-glycerophosphate has been reported to increase
osteopontin mRNA (Franceschi and Iyer, 1992) and in
hypertrophic chondrocyte cultures (-glycerophosphate
has been reported to increase type X collagen mRNA as
well as the specific activity of pp60c-src kinase (Coe et
al., 1992).

The effect of ascorbic acid and dexamethasone on
cell proliferation was observed by monitoring cell counts
at passage in the present study. (-Glycerophosphate
appeared to have no effect on cell proliferation. How-
ever, it has to be considered, that the cell numbers ob-
tained describe the resultant effect of these supplements
on all of the populations present in the primary flush-out
of bone marrow cells. Furthermore, the seeding density
of proliferating cells may have varied from animal to an-
imal and the effect of cell straining on the generated cell
counts also has to be taken into account. The latter,
however, would be expected to lower the cell number in
sub-groups due to eradication of cell-clumps. This
would favor those sub-groups, in which less cells are
present, suggesting that the effects seen should have
been more dramatic without straining.
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The cell numbers obtained in the presence of ascor-
bic acid were about 8-fold elevated after 6 days of cul-
turing as compared to those in the absence of ascorbic
acid. These findings would be consistent with the re-
sults of Harada er al. (1991), who reported stimulation
of MC3T3-El1 cell proliferation by ascorbic acid. They
suggested that this was due to its effect on collagen syn-
thesis in a way that collagen or related matrix proteins
interact with cell surface receptors to cause the stimula-
tion of proliferation in osteoblasts. Similar results were
obtained by Senoo and Hata (1994), who showed that
extracellular matrix upregulates cell proliferation and
tissue formation. Denis et al. (1994) also reported a
stimulation of cell proliferation by ascorbic acid, how-
ever, they could not confirm that the effect is coupled to
the effect of ascorbic acid on collagen synthesis.

The observation of an inhibiting effect of dexameth-
asone on cell proliferation in primary cultures are in
agreement with previous studies by Maniatopoulos et al.
(1988). This effect, however, is heavily dependent on
the composition of cell populations, as discussed in the
Introduction. After subculturing, in a more homogene-
ous osteogenic population, light microscope observations
indicated that dexamethasone stimulates cell prolifera-
tion, as would be expected for early osteoprogenitors.

Conclusions

Differentiating osteogenic cells derived from dexa-
methasone stimulated rat bone marrow cells express an
afibrillar interfacial matrix, which mineralizes in the
presence of §-glycerophosphate. Ascorbic acid enhances
the proliferation of cells within the first six days of
culturing. However, the formation and subsequent min-
eralization of the interfacial matrix is independent of
ascorbic acid presence or collagen matrix assembly and
cannot be explained by a non-biological precipitation
phenomenon. Collagenous matrix which is assembled in
all ascorbic acid containing sub-groups only mineralizes
in the presence of both dexamethasone and (-glycero-
phosphate. These results illustrate that the cement line
matrix, first described by von Ebner (1875), is the result
of matrix production by differentiating osteogenic cells.

Acknowledgments

We are grateful to both the Medical Research Coun-
cil, Canada (PG#11439), and the Ontario Centre for
Materials Research (OCMR) for financial assistance, and
J. Cole (Nissei Sangyo Canada Inc., Canada) for con-
ducting the EDX on an Hitachi model 4500 field emis-
sion SEM. We also would like to thank B. Callen for
providing the XPS data and B. Caliveri, R. Chernecky,
and X. Shen for their excellent technical assistance.
One of us (MMH) has been supported by a fellowship



M.M. Hosseini, S.A.F. Peel and J.E. Davies

from the Ernest-Solvay-Stiftung (Stifterverband fiir die
Deutsche Wissenschaft, Germany).

References

Abe Y, Akamine A, Aida Y, Maeda K (1993) Dif-
ferentiation and mineralization in osteogenic precursor
cells derived from rat mandibular bone. Calcif. Tissue
Int. 52, 365-371.

Anderson RE, Kemp JW, Jee WS, Woodbury DM
(1984) Ion-transporting ATPases and matrix mineraliza-
tion in cultured osteoblast-like cells. In Vitro 20, 837-
846.

Aronow MA, Gerstenfeld LC, Owen TA, Tassinari
MS, Stein GS, Lian JB (1990) Factors that promote pro-
gressive development of the osteoblast phenotype in
cultured fetal rat calvaria cells. J. Cell. Physiol. 143,
213-221.

Aubin JE, Turksen K (1996) Monoclonal antibodies
as tools for studying the osteoblast lineage. Bone 17,
Supplement: 77-83.

Aubin JE, Bellows CG, Turksen K, Liu F,
Heersche JNM (1992) Analysis of the osteoblast lineage
and regulation of differentiation. In: Chemistry and Bi-
ology of Mineralized Tissues. Slavkin H, Price P (eds.).
Elsevier Science Publishers, Amsterdam. pp. 267-276.

Aubin JE, Liu F, Malaval L, Gupta AK (1995) Os-
teoblast and chondroblast differentiation. Microsc. Res.
Tech. 33, 128-140.

Baldan N, Bruijn JD de, Chernecky R, Davies JE
(1994) Cement line formation at the surfaces of bioactive
implants. J. Dent. Res. (Abstract) 73, 70.

Bellows CG, Aubin JE, Heersche JNM, Antosz ME
(1986) Mineralized bone nodules formed in vitro from
enzymatically released rat calvaria cell populations.
Calcif. Tissue Int. 38, 143-154.

Bellows CG, Aubin JE, Heersche JNM (1987)
Physiological concentrations of glucocorticoids stimulate
formation of bone nodules from isolated rat calvaria
cells in vitro. Endocrinology 121, 1985-1992.

Bellows CG, Heersche JNM, Aubin JE (1990) De-
termination of the capacity and differentiation of osteo
progenitor cells in the presence and absence of dexa-
methasone. Develop. Biol. 140, 132-138.

Berg RA, Steinmann B, Rennard SI, Crystal RG
(1983) Ascorbate deficiency results in decreased collagen
production: Under-hydroxylation of proline leads to in
creased intracellular degradation. Arch. Biochem.
Biophys. 226, 681-686.

Boskey AL (1985) Overview of cellular elements
and macromolecules implicated in the initiation of min
eralization In: The Chemistry and Biology of Mineral-
ized Tissues. Butler WT (ed.). Ebsco Media Inc.,
Birmingham, Alabama. pp. 335-343.

246

Canalis E (1983) Effect of glucocorticoids on type
I collagen synthesis, alkaline phosphatase activity, and
deoxyribonucleic acid content in cultured rat calvariae.
Endocrinology 114, 1864-1870.

Chan D, Lamande SR, Cole WG, Bateman JF
(1990) Regulation of procollagen synthesis and pro-
cessing during ascorbate-induced extracellular matrix
accumulation in vitro. Biochem. J. 269, 175-181.

Chen J, McKee MD, Nanci A, Sodek J (1994) Bone
sialoprotein mRNA expression and ultrastructural locali-
zation in fetal porcine calvarial bone: Comparisons with
osteopontin. Histochem. J. 26, 67-78.

Cheng S-L, Yang JW, Rifas L, Zhang S-F, Avioli
LV (1994) Differentiation of human bone marrow osteo-
genic stromal cells in vitro: Induction of the osteoblast
phenotype by dexamethasone. Endocrinology 134, 277-
286.

Coe MR, Summers TA, Parsons SJ, Boskey AL,
Balian G (1992) Matrix mineralization in hypertrophic
chondrocyte cultures. Bone Min. 18, 91-106.

Davies JE (1993) The bone interface: Baseline
structure and the effects of micromotion. New Ceram.
6, 37-42.

Davies JE (1994) The bone response to endosseous
dental implants. Quintessence Dent. Implantol. 1, 61-73
(In Japanese).

Davies JE, Baldan N (1997) Scanning electron
microscopy of the bone/bioactive implant interface. J.
Biomed. Mat. Res. (in press).

Davies JE, Lowenberg B, Shiga A (1990) The bone-
titanium interface in vitro. J. Biomed. Mater. Res. 24,
1289-1306.

Davies JE, Chernecky R, Lowenberg B, Shiga A
(1991a) Deposition and resorption of calcified matrix in
vitro by rat bone marrow cells. Cells Mater. 1, 3-15.

Davies JE, Ottensmeyer P, Shen X, Hashimoto M,
Peel SAF (1991b) Early extracellular matrix synthesis by
bone cells. In: The Bone-Biomaterial Interface. JE
Davies (ed.). University of Toronto Press, Toronto. pp.
214-228.

de Bruijn JD, Davies JE, Flach JS, de Groot K, van
Blitterswijk CA (1992a) Ultrastructure of the mineral-
ized tissue/calcium phosphate interface in vitro. In:
Tissue Inducing Biomaterials. L. Cima ez al. (ed.). Mat.
Res. Symp. Proc. 252, 63-70.

de Bruijn JD, Klein CPAT, de Groot K, van
Blitterswijk CA (1992b) The ultrastructure of the bone-
hydroxyapatite interface in vitro. J. Biomed. Mat. Res.
26, 1365-1368.

Denis I, Pointillart A, Lieberherr M (1994) Cell-
stage dependent effects of ascorbic acid on cultured por-
cine bone cells. Bone Min. 25, 149-161.

Franceschi RT, Iyer BS (1992) Relationship between
collagen synthesis and expression of the osteoblast



Collagen fibres are not required for matrix mineralization

phenotype in MC3T3-El cells. J. Bone Min. Res. 7,
235-246.

Franceschi RT, Young J (1990) Regulation of alka-
line phosphatase by 1,25-Dihydroxyvitamin D3 and as-
corbic acid in bone-derived cells. J. Bone Min. Res. 5§,
1157-1167.

Franceschi RT, Iyer BS, Cui Y (1994) Effects of
ascorbic acid on collagen matrix formation and osteo-
blast differentiation in murine MC3T3-E1 cells. J. Bone
Min. Res. 9, 843-854.

Gerstenfeld LC, Chipman SD, Glowacki J, Lian JB
(1987) Expression of differentiated function by mineral-
izing cultures of chicken osteoblasts. Develop. Biol.
122, 49-60.

Gerstenfeld LC, Riva A, Hodgens K, Eyre DR,
Landis WJ (1993) Post-translational control of collagen
fibillogenesis in mineralizing cultures of chick osteo-
blasts. J. Bone Min. Res. 8, 1031-1043.

Green S, Chambon PA (1986) A superfamily of po-
tentially oncogenic hormone receptors. Nature 324, 615-
617.

Harada S-I, Matsumoto T, Ogata E (1991) Role of
ascorbic acid in the regulation of proliferation in os-
teoblast-like MC3T3-E1 cells. J. Bone Min. Res. 6,
903-908.

Heersche JNM (1989) Bone cells and bone turnover
- the basis for pathogenesis. In: Metabolic Bone Disease:
Cellular and Tissue Mechanics. Tam CS, Heersche
JNM, Murray TM (eds.). CRC Press Inc., Boca Raton,
Florida. pp 1-16.

Herbertson A, Aubin JE (1995) Dexamethasone al-
ters the subpopulation make-up of rat bone marrow
stromal cell cultures. J. Bone Min. Res. 10, 285-294.

Hoffman WS (1970) In: Biochemistry of Clinical
Medicine, 4th Ed., Year Book Medical Publishers,
Chicago. pp. 554-555.

Howlett CR, Cavé J, Williamson M, Farmer J, Ali
SY, Bab I, Owen ME (1986) Mineralization in in vitro
cultures of rabbit marrow stromal cells. Clin. Orthop.
Rel. Res. 213, 251-263.

Hunter GK, Goldberg HA (1993) Nucleation of hy-
droxyapatite by bone sialoprotein. Proc. Nat. Acad. Sci.
90, 8562-8565.

Jarco MJ (1981) Calcium phosphate ceramics as
hard tissue prosthetics Clin. Orthop. Rel. Res. 157, 259-
278.

Kasugai S, Todescan R, Nagata T, Yao K-L, Butler
WT, Sodek J (1991) Expression of bone matrix proteins
associated with mineralized tissue formation by adult rat
bone marrow cells in vitro: Inductive effects of dexa-
methasone on the osteoblastic phenotype. J. Cell.
Physiol. 147, 111-120.

Lee KC, Aubin JE, Heersche JNM (1992) 3-Gly-
cerophosphate-induced mineralization of osteoid does not

247

alter expression of extracellular matrix components in
fetal rat calvaria cell cultures. J. Bone Min. Res. 7,
1211-1219.

Lian JB, Stein GS (1992) Concepts of osteoblast
growth and differentiation: Basis for modulation of bone
cell development and tissue formation. Crit. Rev. Oral
Biol. Med. 3, 269-305.

Linde A, Lussi A (1989) Mineral induction by poly-
anionic dentin and bone proteins at physiological ionic
conditions. Con. Tissue Res. 21, 197-203.

Linde A, Lussi A, Crenshaw MA (1989) Molecular
and cellular biology: Mineral induction by immobilized
polyanionic proteins. Calcif. Tissue Int. 44, 286-295.

Liu F, Malaval L, Gupta AK, Aubin JE (1994) Si
multaneous detection of multiple bone-related mRNAs
and protein expression during osteoblast differentiation:
Polymerase chain reaction and immunocytochemical
studies at the single cell level. Develop. Biol. 166, 220-
234.

Lowenberg B, Chernecky R, Shiga A, Davies JE
(1991) Mineralized matrix production by osteoblasts on
solid titanium in vitro. Cells Mater. 1, 177-187.

Malaval L, Modrowski D, Gupta AK, Aubin JE
(1994) Cellular expression of bone-related proteins
during in vitro osteogenesis in rat bone marrow stromal
cell cultures. J. Cell. Physiol. 158, 555-572.

Maniatopoulos C, Sodek J, Melcher AH (1988)
Bone formation in vitro by stromal cells obtained from
bone marrow of young adult rats. Cell Tissue Res. 254,
317-330.

McCulloch CAG, Tenenbaum HC (1986) Dexa-
methasone induces proliferation and terminal differen-
tiation of osteogenic cells in tissue culture. Anat. Rec.
215, 397-402.

McKee MD, Glimcher MJ, Nanci A (1992) High
resolution immunolocalization of osteopontin and osteo-
calcin in bone and cartilage during endochondral ossifi-
cation in the chicken tibia. Anat. Rec. 234, 479-492.

McKee MD, Farach-Carson MC, Butler WT,
Hauschka PV, Nanci A (1993) Ultrastructural immuno
localization of noncollagenous (osteopontin and oste-
ocalcin) and plasma (albumin and «,HS-glycoprotein)
proteins in rat bone. J. Bone Min. Res. 8, 485-496.

Nanci A, Zalzal S, Gotoh Y, McKee MD (1996)
Ultrastructural characterization and immunolocalization
of osteopontin in rat calvarial osteoblast primary cul-
tures. Microsc. Res. Tech. 33, 214-231.

Orr RD, de Bruijn JD, Davies JE (1992) Scanning
electron microscopy of the bone interface with titanium,
titanium alloy and hydroxyapatite. Cells Mater. 2, 241-
251

Owen M (1985) Lineage of Osteogenic cells and
their relationship to the stromal system. Bone Min. Res.
3, 1-25.



M.M. Hosseini, S.A.F. Peel and J.E. Davies

Owen TA, Aronow M, Shalhoub V, Barone LM,
Wilming L, Tassinari MS, Kennedy MB, Pockwinse S,
Lian JB, Stein GS (1990) Progressive development of
the rat osteoblast phenotype in vitro: Reciprocal re-
lationships in expression of genes associated with Os-
teoblast proliferation and differentiation. J. Cell.
Physiol. 143, 420-430.

Pacifici M (1990) Independent secretion of pro-
teoglycans and collagens in chick chondrocyte cultures
during acute ascorbic acid treatment. Biochem. J. 272,
193-199.

Peel SAF (1995) The influence of substratum modi-
fication on interfacial bone formation in vitro. Ph.D.
Thesis, University of Toronto, Canada.

Pilliar RM, Davies JE, Smith DC (1991) The bone-
biomaterial interface for load-bearing implants. MRS
Bulletin 16, 55-61.

Pitaru S, Kotev-Emeth S, Noff D, Kaffuler S,
Savion N (1993) Effect of basic fibroblast growth factor
on the growth and differentiation of adult stromal bone
marrow cells: Enhanced development of mineralized
bone-like tissue in culture. J. Bone Min. Res. 8, 919-
924.

Pockwinse SM, Wilming LG, Conlon DM, Stein
GS, Lian JB (1992) Expression of cell growth and bone
specific genes at single cell resolution during develop-
ment of bone tissue-like organization in primary osteo-
blast cultures. J. Cell. Biochem. 49, 310-323.

Pockwinse SM, Lawrence JB, Singer RH, Stein JL,
Lian JB, Stein GS (1993) Gene expression at single cell
resolution associated with development of the bone cell
phenotype: Ultrastructural and in situ hybridization
analysis. Bone 14, 347-352.

Pockwinse SM, Stein JL, Lian JB, Stein GS (1995)
Developmental stage-specific cellular responses to vita-
min D and glucocorticoids during differentiation of the
osteoblast phenotype: Interrelationship of morphology
and gene expression by in situ hybridization. Exp. Cell
Res. 216, 244-260.

Quarles LD, Yohay DA, Lever LW, Caton R, Wen-
strup RJ (1992) Distinct proliferative and differentiated
stages of murine MC3T3-E1 cells in culture: An in vitro
model of osteoblast development. J. Bone Min. Res. 7,
683-692.

Qui Q, Vincent P, Lowenberg B, Sayer M, Davies
JE (1993) Bone growth on sol-gel calcium phosphate
thin films in vitro. Cells Mater. 3, 351-360.

Satomura K, Nagayama M (1991) Ultrastructure of
mineralized nodules formed in rat bone marrow stromal
cell culture in vitro. Acta Anat. 142, 97-104.

Satomura K, Hiraiwa K, Nagayama M (1991) Min-
eralized nodule formation in rat bone marrow stromal
cell culture without 3-glycerophosphate. Bone Min. 14,
41-54.

248

Sautier JM, Nefussi JR, Forest N (1991) Ultra-
structural study of bone formation on synthetic
hydroxyapatite in osteoblast cultures. Cells Mater. 1,
209-217.

Senoo H, Hata R (1994) Extracellular matrix reg-
ulates cell morphology, proliferation, and tissue for-
mation. J. Anat. 69, 719-733.

Shalhoub V, Conlon D, Tassinari M, Quinn C, Par-
tridge N, Stein GS, Lian JB (1992) Glucocorticoids pro-
mote development of the osteoblast phenotype by selec
tively modulating expression of cell growth and differ-
entiation associated genes. J. Cell. Biochem. 50, 425-
440.

Shen X, Roberts E, Peel SAF, Davies JE (1993)
Organic extracellular matrix components at the bone
cell/substratum interface. Cells Mater. 3, 257-272.

Spindler KP, Shapiro DB, Gross SB, Brighton CT,
Clark CC (1989) The effect of ascorbic acid on the
metabolism of rat calvarial bone cells in vitro. J.
Orthop. Res. 7, 696-701.

Stein GS, Lian JB, Gerstenfeld LG, Shalhoub V,
Aronow M, Owen T, Markose E (1989) The onset and
progression of osteoblast differentiation is functionally
related to cellular proliferation. Con. Tissue Res. 20, 3-
13,

Stein GS, Lian JB, Owen TA (1990) Reiationship of
cell growth to the regulation of tissue-specific gene
expression during osteoblast differentiation. FASEB J.
4, 3111-3123.

Takeuchi Y, Matsumoto T, Ogata E, Shishiba Y
(1993) Effects of transforming growth factor 3; and L-
Ascorbate on synthesis and distribution of proteoglycans
in murine osteoblast-like cells. J. Bone Min. Res. 8,
823-830.

Tenenbaum HC, Heersche JNM (1985) Dexametha-
sone stimulates osteogenesis in chick periosteum in vitro.
Endocrinology 117, 2211-2217.

Tenenbaum HC, Palangio K, Holmyard P, Pritzker
K (1986) An ultrastructural study of osteogenesis in
vitro. Bone 7, 295-302.

Tenenbaum HC, Lineback H, McCulloch CA,
Mamujee H, Sukhu B, Torontali M (1992) Osteogenic
phase-specific co-regulation of collagen synthesis and
mineralization by f-glycerophosphate in chick periosteal
cultures. Bone 13, 129-138.

Turksen K, Aubin JE (1991) Positive and negative
immunoselection for enrichment of two classes of osteo-
progenitor cells J. Cell Biol. 114, 373-384.

von Ebner V (1875) Uber den feineren Bau der
Knochensubstanz (On the fine structure of bone tissue).
In: S.B. Akad. Wiss. math. nat. K1. Abt. III 72, Wien,
49-138.

Weidenreich F (1930) Das Knochengewebe (Bone
tissue). In: Mollendorff Handbuch der mikroskopischen



Collagen fibres are not required for matrix mineralization

Anatomie des Menschen (Textbook of Human Micro-
scopic Anatomy). Mollendorff W von (ed.). Verlag
Julius Springer, Berlin, vol II, pt 2, 391-520.

Yao K-L, Todescan R, Sodek J (1994) Temporal
changes in matrix protein synthesis and mRNA expres-
sion during mineralized tissue formation by adult rat
bone marrow cells in culture. J. Bone Min. Res. 9, 231-
240.

Zhou H, Chernecky R, Davies JE (1994) Deposition
of cement at reversal lines in rat femoral bone. J. Bone
Min. Res. 9, 367-374.

Discussion with Reviewers

N. Katsura: I agree with your opinion that collagen fi-
bers are not essential for the initial matrix mineraliza-
tion, however, the evidence provided is insufficient to
draw this conclusion. You must show that the removed
overlaying cellular sheet has neither collagen nor cal-
cium-phosphate clusters at higher magnification (at least
20,000-folds).

Authors: In the cell sheet overlaying the interfacial ma-
trix, no collagen fibres could be seen at the SEM level
in the ascorbic acid deficient culture groups. Recent
results in our lab have confirmed this observation in
TEM cross-sections. The observation, however, that
collagen fibres are not assembled in cell culture under
ascorbic acid deficiency is by no means a new one (An-
derson et al., 1984; Aronow et al., 1990) as is indicated
(at some length) in our Discussion.

With regard to calcium phosphate clusters, no such
clusters were observed at the SEM level within the cell
sheet of either the ascorbic acid deficient, or the dexa-
methasone deficient, cultures.

N. Katsura: In order to conclude that collagen fibres
are not required for initial matrix mineralization by bone
cells, you must also show a vertical cross section of no-
dules at high magnification and crystallographic analysis
of the deposited mineral.

Authors: TEM cross sections of bone nodules showing
mineral deposition within the collagenous matrix have
been shown numerous times (see quoted text references
to our own work and that of Nanci’s group) in fully sup-
plemented cultures. However, in the absence of dexa-
methasone no osteogenic cell population appears, which
would be able to form nodules, as has been indicated in
our Discussion. In the presence of dexamethasone, but
absence of ascorbic acid, no collagenous matrix forms,
in which the osteogenic cells become embedded to form
the nodular multilayers. Thus, in neither dexamethasone
nor ascorbic acid deficient cultures can cross sections of
such bone nodules be shown, since nodules do not form
in their absence.
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Regarding the nature of the mineral in the interfacial
matrix, we have recently confirmed the morphological
similarity between the mineralized interfacial matrices of
fully supplemented cultures and ascorbic acid lacking
cultures in TEM cross sections. Using intermediate vol-
tage field emission analytical transmission electron mi-
croscopy (200 kV FETEM) we have identified these
mineral deposits as calcium phosphates (Davies et al.,
1993) by employing the sub-nanometer probe size of
such an instrument to undertake both energy dispersive
X-ray analysis and electron energy loss spectroscopy.
Unfortunately, our limited access to such facilities which
are essential to gain precise analytic data from such
crystallites has not allowed us to complete the electron
diffraction analysis which would render structural infor-
mation to compliment the chemical information already
reported. We are continuing to pursue this high resolu-
tion analytical microscopical approach to identify early
crystallographic species. At later time points following
crystal growth, analysis is of course much easier as we
reported in 1991 (Davies er al., 1991a).

J.D. de Bruijn: From the scanning electron micrograph
in Figure 3a, it seems that the cell, with its globule
associated cell processes, has a flat morphology. This
would be in contrast to the morphology of the accretion
(globule) producing osteoblasts as shown in the paper by
Davies et al. (1991a), which exhibit a clear cell body
and numerous membrane ruffles.

Is the cell in Figure 3a an osteoblast that has actu-
ally formed the globular accretions, and if so, could the
absence of -glycerophosphate and ascorbic acid in the
culture medium be responsible for the altered cell mor-
phology?

Authors: It is not possible to unequivocally conclude,
from scanning electron micrographs, that a particular
cell is responsible for the production of a specific
globule. Therefore, it is very difficult to determine
which particular cell morphology, or morphologies, may
be related to globule production. Furthermore, we know
that both the chemistry and topography of the culture
substratum will affect cell morphology without necess-
arily influencing the ability of the cultured cells to
produce this globular interfacial matrix. In this context,
we would point out that the cells associated with such
globules, which we first described in 1991 (see text
references) were cultured on bacteriological grade
polystyrene, whereas the substratum for the cultures of
the current paper is tissue culture polystyrene. Cells
cultured on tissue culture polystyrene generally assume
a more flat morphology over cells cultured on bacterio-
logical grade polystyrene due to better cell attachment.

With regard to the second part of your question,

whether the cell in Figure 3a can be called an osteoblast,
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the answer is "No". Classically, an osteoblast is de-
scribed as a cell which is producing a mineralized colla-
genous extracellular matrix. We have maintained, since
our original report of this culture system in 1991 (vide
supra) that the mineralized cement line interfacial matrix
precedes collagen assembly (as is the case in remodel-
ling bone in vivo). Thus, the interfacial matrix is pro-
duced before the expression of the mature phenotype.
For this reason, we have assumed that the cement line
matrix, both in vitro and in vivo, is elaborated by cells
of the osteogenic lineage which have not yet become os-
teoblasts. Our preferred term for these cells is "differ-
entiating osteogenic cells." Of course, in the absence of
ascorbic acid no collagen is assembled, as we have
shown. In these circumstances, we believe that the for-
mation of globules is indicative of the osteogenic poten-
tial of the cells as they are seen in ascorbic acid free
conditions only when dexamethasone is employed.

E. Bonucci: The statement that non-collagenous pro-
teins are possible candidates for the initiation of mineral
deposition in the absence of collagen fibres is tenable.
However, the globular appearance of the first deposited
interfacial matrix calls attention to other structures that
may be responsible for inducing calcification, i.e., ma-
trix vesicles. Is there any evidence of the presence of
these structures in your culture system and, above all, in
the noncollagenous interfacial material?

Authors: We have found no evidence of matrix vesicles
in these cultures. This was also asked of us in our ori-
ginal paper describing the interfacial matrix (Davies ef
al., 1991a), but what is important to point out is that we
often see membrane bound, circular bodies, particularly
near the culture substrate. However, these have never
demonstrated crystallite inclusions. Indeed, we believe
that such circular bodies do not represent spherical ma-
trix vesicles but cross-sections of cell processes.
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