
Abstract The mechanisms that regulate the migration,
proliferation and differentiation of osteogenic cell popu-
lations in vivo are poorly understood. Elucidation of
these mechanisms is essential for an understanding of the
basic processes that determine mineralized connective
tissue homeostasis and regeneration. Bisphosphonates
are known to regulate bone metabolism, in part through
effects on osteoclastic resorption. Given previous data
from other in vitro and in vivo investigations, we consid-
ered that they could also affect the proliferation and dif-
ferentiation of osteoblasts in vivo. We tested this hypoth-
esis using a bisphosphonate (ethane-1-hydroxy-1,1-bis-
phosphonate, HEBP, etidronate) and a calvarial wound
model in which osteogenic differentiation and bone for-
mation are coordinately induced by the wounding stimu-
lus. Wounds through the calvarial bone were created in
20 male Wistar rats. After surgery, animals were treated
every day for 1 or 2 weeks with HEBP or saline (con-
trols) and five rats in each group were killed at 1 or
2 weeks following surgery. Cellular proliferation and
clonal growth were assessed by 3H-thymidine labeling
1 h before death followed by radioautography. Cellular
differentiation of osteogenic cell populations was deter-
mined by immunohistochemical staining for osteopontin
and bone sialoprotein. Von Kossa and toluidine blue
staining were used for the assessment of mineralization
and osteoid formation, and for morphometric analysis of
wound closure. At 1 and 2 weeks after surgery HEBP
promoted wound closure (>twofold greater than controls,

P<0.001) and mineralized/osteoid tissue formation in the
bony compartment of the wound (>50% higher than sa-
line controls, P<0.05). In HEBP-treated animals there
was a >50% increase in intracellular staining for osteo-
pontin in the endosteum-lined spaces adjacent to the
wound (P<0.05) and increased staining for osteopontin
in the nascent bone at the wound margin (>50% greater
than controls, P<0.05). However, there were reduced 
cell counts and labeling indices at stromal precursor 
sites (65% reduction compared to controls; P<0.01). 
As HEBP increased osteopontin expression and oste-
oid/mineralized tissue formation but reduced the prolif-
eration of precursor cells, we conclude that in addition to
blockade of bone resorption and mineralization, this
drug, at doses which also reversibly inhibit mineraliza-
tion, may promote osteoblast differentiation as well.
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Introduction

The mechanisms that regulate the migration, prolifera-
tion and differentiation of osteogenic cell populations are
crucial processes that determine mineralized connective
tissue homeostasis and regeneration. To study homeo-
static mechanisms at sites where contiguous soft and
mineralized tissue domains interact, it is important to use
model systems that comprise cells from spatially and
functionally discrete origins. Calvarial tissue provides a
useful model for such studies since its cell populations
synthesize and remodel soft (dura mater) and mineraliz-
ing connective tissue (i.e., calvarial bone). While in
close apposition, the soft and mineralizing cell popula-
tions retain their spatially discrete domain structure
(Marden et al. 1993). Preservation of these cellular do-
mains appears to be important for physiological growth
and remodeling, and for the healing of calvarial wounds
(Marden et al. 1994).
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The synthesis and turnover of cells and extracellular
matrix molecules in calvarial bone are mediated by a
complex mixture of cell populations including the pro-
genitors for osteoblasts and fibroblasts. These progenitor
cells proliferate and migrate to produce more differenti-
ated cells that can synthesize bone and the extracellular
matrix of the dura mater respectively (Kenley et al.
1994). Various experimental and clinical perturbations
have been used to facilitate studies of mineralized con-
nective tissue homeostasis in vivo including wounding
(Levy et al. 1994; Lekic et al. 1997). Some of these
wounding protocols rely in part on the transient deple-
tion of osteogenic cell populations. For example, selec-
tive disruption of the cellular domains that are required
to preserve mineralized connective tissue homeostasis
was described in the calvarial wound model developed
by Turnbull and Freeman (1974). Defined portions of the
calvarial bone were excised to generate a sequence of
differentiation steps that lead to complete regeneration of
calvarial bone (Marden et al. 1993). However, the mech-
anisms that regulate these differentiation steps in vivo
are poorly understood.

A wide variety of pharmacological agents have been
used that either inhibit or stimulate osteogenic cell differ-
entiation in vivo including reconstituted collagen (Todescan
et al. 1994) and osteogenic growth factors (Malpe et al.
1997; Hsieh and Graves 1998) including the bone mor-
phogenetic proteins (Kenley et al. 1994; Rutherford et al.
1992) and bisphosphonates (King et al. 1971). Bisphos-
phonates are known regulators of bone metabolism that
could be used potentially to probe osteogenic cell differ-
entiation in healing calvarial wounds. While these agents
are used therapeutically to regulate the relatively slow re-
modeling that occurs in the mature unwounded skeleton,
we considered that their use might provide fresh insights
into osteogenic differentiation in a wound model where
large numbers of synchronous cohorts of cells are in-
duced to differentiate by the wounding stimulus.

The bisphosphonates of therapeutic importance are
synthetic analogues of inorganic pyrophosphate that in-
hibit bone resorption and, at higher doses, mineralization
in vivo (Fleisch 1991), but also affect bone formation in
vitro as well as other measures of osteogenic cell differ-
entiation (Goziotis et al. 1995). We have shown that
moderately high doses of bisphosphonates (particularly
HEBP) affect cell proliferation and increase the produc-
tion of type I collagen (as osteoid) and expression of al-
kaline phosphatase (Goziotis et al. 1995), osteopontin
(OPN) and bone sialoprotein (BSP; Lekic et al. 1997) in
osteoblastic cells. These investigations have shown that
the excess osteoid formed in the presence of HEBP can
mineralize once HEBP treatment is stopped. In addition,
although mineralization is inhibited by HEBP, such inhi-
bition is not complete, meaning that some mineralization
does still occur in the drug’s presence, albeit at a much
reduced rate. Finally in this regard, the mineral that does
form following cessation of HEBP treatment is signifi-
cantly more dense than the control (Torontali et al.
1994). Cognizant of these effects of bisphosphonates in

vitro, we studied the effects of the bisphosphonate HEBP
on the proliferation and differentiation of osteogenic
cells in a wounded mineralized connective tissue that re-
generates within a relatively short period of time. We as-
sessed mineralized bone and osteoid with von Kossa and
toluidine blue staining respectively, labeled proliferating
cells with 3H-thymidine and osteoid synthesis rate using
3H-proline, and used immunohistochemistry to identify
the production of OPN and BSP in differentiating cells.
Our hypothesis was that HEBP promotes osteoblastic
differentiation and bone formation in calvarial wounds.
The data show an increase in bone formation that may be
due to HEBP-induced differentiation of osteoblastic cells
at endosteal sites enriched with precursors, and to an in-
crease in the rate of bone formation by already differen-
tiated osteoblastic cells.

Materials and methods

Wound model and HEBP treatment

Twenty Wistar male rats weighing 130–150 g on the day of sur-
gery were caged in pairs, fed water and food ad libitum and kept
in a room with a 12 h light/dark cycle. Surgery was performed be-
tween 10:00 and 12:00 hours on the 3rd day after the arrival of the
animals. Two calvarial wounds (~0.8 mm in diameter) were creat-
ed on the left and right side of the parietal bone while the animal
was under general anesthesia (halothane, N2O) as previously de-
scribed (Turnbull and Freeman 1974). Following surgery, groups
of animals (N=5/group) were treated daily with HEBP subcutane-
ously at a dose of 15 mg/kg body weight beginning immediately
after surgery, or were given saline only (control). Group H1 was
treated for 1 week and group H2 for 2 weeks with HEBP and
killed by N2O asphyxiation. Rats in the two control groups were
treated with saline for 1 week (C1) or for 2 weeks (C2) following
wounding. In addition, since it was possible that wound closure
might be accelerated because of HEBP’s ability to inhibit osteo-
clastic cell function, another group was added that received an
even more potent inhibitor of bone resorption, an aminobisphos-
phonate (APD). The rationale for using this drug was that if inhi-
bition of bone resorption was playing a stimulatory role with re-
spect to bone wound healing, this would be likely to occur in rats
treated with APD. Thus, animals in one group received APD
(1 mg/kg) for a period of 1 week (A1) followed by a recovery pe-
riod at 2 weeks (A2) following a similar regime to that for HEBP-
treated animals. Finally, inasmuch as stimulation of excess osteoid
formation would not in and of itself confer any great advantage on
bone wound healing, it was thought that it was important to dem-
onstrate that newly formed osteoid could in fact mineralize fol-
lowing cessation of HEBP administration. To this end another
group, H3, that was treated with HEBP over the initial week of
healing was then permitted to recover from HEBP treatment for an
extra week. One hour before death all rats were injected intraperi-
toneally with 2 ml phosphate-buffered saline (PBS, pH 7.4) con-
taining 3H-thymidine (specific activity = 20 Ci/mmol; NEN,
Oakville, ON, Canada) at 1 µCi/g body weight. The calvariae were
removed immediately after sacrifice and one-half were fixed for
preparation of undemineralized sections and the other half for
preparation of demineralized sections. For the purposes of this in-
vestigation, morphometric measurements were made for all groups
but a detailed assessment of cellular kinetics and immunostaining
was restricted to the groups actively receiving HEBP as these
showed the most significant increases in healing as will be out-
lined below. For similar reasons only, morphometry was carried
out in H3 samples, as in this case the prime outcome measure was
related to whether or not the newly formed osteoid was capable of
mineralization.
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Tissue preparation

The left calvarial halves were fixed in 10% neutral buffered for-
malin, washed, dehydrated in ethanol, and embedded in Spurr res-
in, and 5-µm sections were cut in the transverse plane. Specimens
were sectioned until the total periphery of the wound was ob-
served in cross section, at which point every third section was
chosen for histomorphometry. The sections were stained with von
Kossa and toluidine blue for the assessment of mineralized and
non-mineralized bone respectively and for morphometric analysis
of wound closure on coded slides (to maintain blindness for as-
sessment of data).

The right calvarial halves were fixed in periodate lysine para-
formaldehyde (McLean and Nakane 1974) at pH 7.4 for 24 h at
4°C, demineralized for 24 h in 0.2 N HCl, and washed in PBS for
20 h. The specimens were then bisected with a sharp scalpel in the
center of the wound to facilitate embedding and tissue orientation
so that the sectioning could start from the middle of the wound.
The calvarial specimens were dehydrated in graded ethanol,
cleared in toluene, and embedded in paraffin. Sections in the coro-
nal plane (5 µm in thickness) were attached to coded glass slides
for immunohistochemical and radioautographic analyses.

Immunohistochemistry

Sections were stained with a mouse monoclonal anti-rat OPN anti-
body (Hybridoma Bank; Iowa City, IA) or a rabbit polyclonal anti-
rat BSP antibody (kindly provided by Dr. J. Sodek) as described
previously (Langille and Solursh 1990; Frank et al. 1993; 
Rajshankar et al. 1998). The specificity of the OPN and BSP anti-
bodies has been confirmed by immunoprecipitation of the respec-
tive proteins from radiolabeled rat bone cell cultures (Kasugai 
et al. 1991). Control slides were treated with an irrelevant anti-
body (anti-human CD4 lymphocyte antigen; Coulter Electronics,
Burlington, ON, Canada). The intensity of OPN and BSP staining
was classified by visual inspection as intense (3), moderate (2),
weak (1) or negative (0) in relation to the expression of these pro-
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Fig. 1 Key for all sites for morphometric analyses and photomi-
crography. Diagram of sagittal cut through the rat cranium show-
ing calvarial bone (CB), dura mater (DM), wound (W and large 
arrow) and brain (B). The sites analyzed include: the surrounding
bone adjacent to the wound (site 1), the bone compartment of the
wound within 200 µm of the bone margin (site 2), and the central
compartment of the wound, >400 µm from the wound margin 
(site 3)

teins in the surrounding intact bone. A detailed account of this an-
alytical procedure has been described previously (Lekic et al.
1996a). The area of OPN and BSP expression was examined un-
der a light microscope (Laborlux K, Leica, Wetzlar, Germany)
with an intraocular grid (250×250 µm) containing 100 squares of
625 µm each. The staining for each protein was estimated by:
staining = staining intensity in each grid × area stained in the
whole sampling grid. The localization of proteins was studied in
the intact, unwounded bone adjacent to the wound site (site 1), in
the bone compartment of the wound at the wound margin (site 2),
as well as in the central compartment of the defect at a distance of
>400 µm from the cut margins (site 3, Fig. 1). As no tissue regen-
eration occurred in the surrounding bone and endosteum (site 1),
instead of measuring the tissue staining, we measured the percent-
ages of cells containing intracellular OPN and BSP at this site
(Fig. 1). Staining data were obtained from assessments of at least
nine sections from three different animals for each time (1 and
2 weeks) and each of the three sites (Fig. 1) for the C1, C2, H1
and H2 groups.

Cellular proliferation

Immunostained slides were dipped in full-strength Kodak NTB-2
emulsion, randomly distributed to light-tight, dry boxes, and ex-
posed for 2 weeks at 4°C as described previously (Lekic et al.
1996b). After exposure, the slides were developed in Kodak D-19
developer and stained through the emulsion with hematoxylin and
eosin.

The middle section in each ten-section ribbon was examined
with a light microscope (Laborlux K, Leitz, Wetzlar, Germany) at
a magnification of ×250. All measurements were made with an in-
traocular grid system (see above) and a cell was considered to be
labeled if more than five silver grains overlaid its nucleus
(P<0.001). Background counts obtained from sections of control
(unlabeled) animals and application of the Poisson distribution
were used to derive this figure (McCulloch et al. 1989).

Counts of labeled and unlabeled cells in four sampling grids
(62,500 µm2 each) from one section of each slide were obtained to
assess proliferation. The sites for analysis were: the intact calvari-
al bone surrounding the wound (site 1), the bone compartment of
the wound (site 2, within 200 µm of the bone margin) and the cen-
tral portion of the wound (site 3, >400 µm from the cut bone mar-
gin; Fig. 1). The labeling index for each area was calculated as
follows: LI = number of labeled cells/number of total cells × 100.
To assess clonal growth of progenitor cells, labeled nucleus locat-
ed within 25 µm of another labeled nucleus were considered to
have arisen from a common precursor and were designated as
clustered (McCulloch and Melcher 1983). The percentage of clus-



tered cells at each site was calculated as follows: CI = number of
clustered cells/number of labeled cells × 100.

Morphometric assessment

Three sections from each animal in the HEBP-treated and APD-
treated groups were analyzed morphometrically and slides were
coded so that the sacrifice day and the type of treatment were un-
known at the time of measurement. Wound closure and quantity of
mineralized tissue within the wound were analyzed by light mi-
croscopy (Metallux 3, Leitz) with the aid of a bone morphometry
program (Bioquant, R&M Biometrics, Nashville, TN). Osteoid tis-
sue as well as wound closure were expressed as percentages
(mean±SEM%) of the original size of the wound which was esti-
mated from cut-lines in the bone. The area of the regenerating cal-
varial bone at the drilled site was measured after digitizing the ar-
ea of the OPN or BSP-stained tissue in the bone compartment of
the wound.

In a previous study where increased bone-osteoid volume was
demonstrated following treatment with HEBP, there was still some
question as to whether this arose secondary to inhibition of resorp-
tion or stimulation of matrix formation. Therefore, in addition to
the experiments outlined above, it was necessary to demonstrate
more directly that increased bone volume seen in animals treated
with HEBP was due to an increase in matrix synthesis as seen in
vitro. This was accomplished by labeling newly synthesized bone-
osteoid with tritiated proline and identifying labeled bone matrix
using autoradiography. Although assessment of matrix formation
within the calvarial wounds would have been ideal, pilot studies
indicated that bone formation occurs in many planes within a
wound. As such, the identification of tritiated proline label fronts
was not possible within wounds. Therefore, bone-osteoid forma-
tion rates were assessed on bone appositional surfaces that were
not wounded, such as on the periosteal surface of the femur, as
follows. To measure the distance between the double label we in-
jected rats intraperitoneally with 3H-proline (2 µCi/g, specific ac-
tivity 21 Ci/mmol) 24 h apart on days 3 and 4. Following the sac-
rifice of animals and the tissue preparation (see above), quantifica-
tion of the distance between the bands or thickness of band widths
was accomplished with light microscopy (Metallux 3, Leitz) and
with the aid of the bone morphometry program from the Bioquant
morphometric system (R&M Biometrics, Nashville).

Statistical methods

Raw data were kept separate and the means for each animal, type
of treatment, sacrifice day, and examined site were calculated. The
mean from each animal was considered as an independent sample
and these data were then assessed by analysis of variance 
(ANOVA) to evaluate the differences between the five treatment
groups with respect to labeling indices, clustering indices, and
morphometric and immunostaining assessments at the different
sites. Differences between groups were examined by ANOVA and
were considered significant at P<0.05. Data were expressed as
means ± SEM. Post hoc comparisons were made using Duncan’s
multiple-range test.

Results

Histomorphometry

We measured the closure of calvarial wounds to deter-
mine whether HEBP was pharmacologically active in re-
generating mineralized tissue. Independent of the type of
treatment, calvarial wounds healed progressively over
the duration of the experiment. At 1 week after wound-
ing, the HEBP-treated group demonstrated a twofold in-

crease in closure compared to the saline group (P<0.05;
Fig. 2) as determined by von Kossa/toluidine blue stain-
ing. Notably, HEBP-treated animals also exhibited a
twofold increase in wound closure when compared with
the APD treatment (P<0.001). However, animals treated
for 2 weeks with HEBP exhibited the greatest closure of
calvarial wounds (mostly osteoid) based on the relative
volume of new bone matrix and mineralized matrix in
the defect (>100% more than saline controls at 2 weeks;
P<0.05; Fig. 2). The difference in wound closure be-
tween saline- and HEBP-treated rats can be appreciated
in the histological photographs of the specimens stained
with von Kossa and toluidine blue (Fig. 3a,b). Collec-
tively, these findings indicated that systemic treatment
with HEBP induces a significant increase in initial bone
closure in healing calvarial wounds, which was main-
tained after 2 weeks as well. 

Osteoid matrix production

As shown in Fig. 3b, when animals in H3 were permitted
to “recover” from HEBP treatment, the newly formed
osteoid was capable of mineralization. Interestingly,
APD did not induce significant increases in wound clo-
sure relative to saline control (1.3-fold, P>0.05, and
Fig. 3a,c). There was still visible non-mineralized oste-
oid in H3 (Fig. 3b), while most of the newly formed os-
teoid was not mineralized in animals treated with HEBP
for two full weeks (Fig. 3d). To assess this more mean-
ingfully, we calculated the ratio of osteoid to mineralized
bone in the tissues growing into the total wound area.
This showed that whereas there was about 19% osteoid
in animals treated with saline only, there was greater
than 60% osteoid in animals treated with HEBP
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Fig. 2 Morphometric assessment of the percentage of wound clo-
sure formed within the wound site. The percentage of wound clo-
sure that has closed the drill site was estimated as a function of the
original volume of the drilled site and has been expressed as mean
percentage of wound closure ± SEM. Note that for the same post-
wounding time HEBP-treated animals showed increased wound
closure. Animals were treated continuously with either saline or
HEBP for 1 or 2 weeks



(P<0.05). The percentage osteoid returned to baseline
levels of approximately 18% 1 week following cessation
of HEBP treatment in H3 and was indistinguishable from
saline control levels. This trend was also suggested when
relative mineralization (Fig. 4) was examined in different

sites within the wound (i.e., sites 2 and 3) at 1 week but
also showed some interesting variations. In relation to
this, the relative volume of mineralized matrix in the
bone compartment of the defect (site 2, Fig. 4) was
>50% higher than that in saline controls at 1 week

357

Fig. 3 a A 2-week wound clo-
sure in rats treated with saline
is demonstrated. There was lit-
tle wound closure in this speci-
men, with the wound edge 
(arrow) clearly seen and the
central portions of the wound
being filled mainly with fibrous
tissue (F). In contrast, animals
treated with HEBP for 1 week
and then saline (b) showed the
presence of both mineralized
bone (M) and residual osteoid
(O) that appears to be radiating
inwards from the wound edge
(arrow). Animals treated with
APD (c) followed by saline had
much smaller amounts of min-
eralized bone (M) and osteoid
(O) at the wound edge (arrow).
In animals treated for 2 full
weeks with HEBP (d), there
was little mineralized bone
while wound closure from the
wound edge (arrow) was ac-
complished almost completely
with unmineralized bone or os-
teoid (O). All wounds still had
central zones of fibrous tissue
(F) at 2 weeks. ×105 (a–d)



(P=0.2). However, for the same postwounding time
(1 week) the relative volume of mineralized tissue in the
central compartment (site 3, Fig. 4) was >250% greater
in controls (saline) than in the HEBP-treated animals
(P<0.07). In animals treated for 2 weeks with HEBP, the
volume of mineralized tissue in the bone compartment
was not significantly different than controls (P>0.2; site
2, Fig. 4) but there was still greatly reduced mineralized
tissue in the central compartment (<50%; P<0.05; site 3,
Fig. 4) compared with controls. Therefore HEBP treat-
ment promoted appositional osteoid and mineralized tis-
sue formation in regenerating bony defects at sites of ex-
isting bone where there are abundant osteogenic cells
available but inhibited mineralization at sites where os-
teogenic cells must differentiate only after extensive pro-
liferation of precursors (site 3).

In addition to increases in the relative levels of osteoid
matrix caused by HEBP’s inhibitory effects on mineraliza-
tion, it was possible to demonstrate that there was also a
clear increase in osteoid matrix synthesis too, even in non-
wounded sites. The findings (Fig. 5a,b) demonstrated that,
in saline-treated rats, it was not possible to distinguish be-
tween the two 3H-proline labels as they were too close to-
gether (Fig. 5b). However, the two labels in non-wounded
femur could be more readily distinguished in HEBP-treated
animals (Fig. 5a), which is in itself evidence for stimula-
tion of matrix production by HEBP. Given the fact that two
separate lines could not be distinguished at all in the con-
trol groups and not at all times in the HEBP-treated group,
we elected to measure the total thickness of the lines with-
in the labeled tissues and also to measure the distance from
the outermost label to the appositional border of subperios-
teal bone. In addition to corroborating the label width mea-
surements, the latter measurement would also permit a
postlabeling assessment of matrix production to determine
whether the labeling itself had any effect on our findings.
There was almost a twofold (P=0.003) increase in the total
width of label in the HEBP-treated animals compared with
saline-injected controls. This difference was maintained
when measuring the distance of the outermost margin of
the label to the edge of bone (twofold, P=0.03).

Cellular proliferation

At sites 2 and 3, the percentage of 3H-thymidine-labeled
and clonally distributed cells was the same, independent
of the type of treatment (site 2: the bony compartment, 1
or 2 weeks after wounding; HEBP group; Labeling Indi-
ces = 3.1%, 3.0%; Clustering Indices = 55.6%, 58.3%;
saline controls: Labeling Indices = 2.9%, 2.7%; Cluster-
ing Indices = 56.6%, 50.0%). Notably, proliferation of
cells in the intact bone adjacent to the wound (site 1) was
reduced >50% at 1 week in HEBP-treated animals com-
pared with controls (P=0.06). Accordingly, after 1 week
of HEBP treatment the total cell count derived from
sampling grids in the bony compartment of the wound
and in the middle of the wound was <65% compared
with controls (1 week saline; P<0.001; sites 2, 3). How-
ever, 1 week after the HEBP treatment proliferation of
cells in the middle of the wound (site 3) was increased
>80% compared with controls (P<0.05), indicating the
presence of more primitive proliferating cells. At the end
of the 2-week experimental period, animals treated with
HEBP exhibited a total cell count that was not signifi-
cantly different from controls in the periphery (site 2,
Fig. 6; P>0.2) but was significantly different when com-
pared with controls in the central portion of the wound
(site 3, Fig. 6; P<0.05). These findings are consistent
with the lack of difference of labeling index at the 
2-week period and could indicate that HEBP initially
suppressed the proliferation of precursor cells from the
surrounding bone and thereby reduced the total cell
count. Subsequently this difference was dissipated, pre-
sumably due to cell migration within the wound.
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Fig. 4a,b Histomorphometric assessment of the percentage of
mineralized tissue formation within the defect at the indicated
wound sites. The percentage of mineralized and osteoid tissue in
the wound is a function of the volume of the entire wound and has
been expressed as mean percentage of mineralized and osteoid 
tissue ± SEM. Note that both HEBP- and saline-treated animals
showed a sustained increase in mineralized tissue formation for
the examined healing times. As in Fig. 2, animals were treated
continuously with either saline or HEBP for 1 or 2 weeks



Osteogenic differentiation

We used OPN and BSP as differentiation markers of min-
eralizing connective tissue cell populations (Fig. 7a–d).
OPN staining that ranged from very low to intense was
observed at all examined sites independent of the treat-
ment or the experimental period (Fig. 8). In animals treat-
ed with HEBP (1 or 2 weeks) the OPN staining in the
bony compartment of the wound (site 2, Fig. 8) was
>80% higher than in controls (P<0.05). In the central por-
tion of the defects at 1 week after wounding, OPN stain-
ing was >100% higher in controls than HEBP-treated ani-
mals (site 3, Fig. 8, P=0.3). However, at 2 weeks after
wounding OPN staining in the central portion of the de-
fect (site 3, Fig. 8) was >50% higher in the HEBP-treated
animals than in controls (P<0.005). 

In contrast to OPN staining, BSP was not seen in the
central portion of the wound during the initial healing

phase (1 week) in HEBP-treated animals (site 3, Fig. 8).
Staining for BSP in the bony compartment of the wound
(site 2, Fig. 8) was similar at 1 and 2 weeks after surgery
for both treatment groups (P>0.2; Figs. 3e, 8). However,
in the central portion of the wound the BSP expression
was >eightfold higher in controls compared with HEBP-
treated animals (site 3, Fig. 8, P<0.001). Collectively,
these data showed that HEBP alters the spatial and tem-
poral staining patterns for OPN and BSP and point to an
important effect on switching of osteogenic differentia-
tion markers in healing bony defects.

We assessed only intracellular OPN and BSP immu-
nostaining of cells at site 1 (Fig. 8). In the HEBP-treated
animals there were >50% higher percentages of OPN+ve
cells at 1 week after wounding but only a small differ-
ence at 2 weeks. For BSP staining, there were 50% high-
er percentages at 1 week and >twofold higher percentag-
es of BSP+ve cells at 2 weeks after wounding (P<0.001).
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Fig. 5a,b Proline label lines
are shown in these autoradio-
graphs (arrows). The animals
were treated with HEBP (a) or
saline (b). In animals treated
with saline (b) only one thin
single line can be discerned.
However, in animals treated
with HEBP (a), the label lines
are not only thicker but in some
areas two single lines can be
discerned a little more clearly
(e.g., on the right side). The
distance from the label front to
the edge of the femur is also
greater in HEBP-treated ani-
mals. ×312 (a,b)



These findings on intracellular staining are consistent
with the tissue staining for BSP and OPN in the bony de-
fect of the wound and illustrate a significant inductive
effect of HEBP on osteoblast differentiation.

Discussion

The central finding of this study is that HEBP acceler-
ates mineralized/osteoid tissue formation and wound clo-
sure. We suggest that these effects are due in part to the
HEBP-induced upregulation of osteogenic cell activity.
The major emphasis for research on bisphosphonates in
the past relates to their ability to inhibit bone resorption
(Fleisch 1989), a property that should actually inhibit
wound closure. Our data provide support for the notion
that HEBP may also regulate osteogenic cell differentia-

tion, further contributing to acceleration of wound clo-
sure.

In spite of past therapeutic successes (Averbach 1993;
Blomqvist and Eloma 1996; Delmas and Meunier 1997),
the principal mechanism for bisphosphonate-induced in-
creases in bone mass remains unknown. In particular, the
possible effects of these agents on the proliferation and
differentiation of osteogenic cell populations is poorly
understood. In addition to the expected increase in
wound closure observed in earlier reports of periodontal
wound healing (Lekic et al. 1997), it is evident that
HEBP promoted mineralized/osteoid tissue formation
and the expression of differentiation markers as seen pre-
viously in vitro (Goziotis et al. 1995; Igarashi et al.
1997). Histomorphometry demonstrated that in HEBP-
treated animals there was a significant increase in early
wound closure and an increase in the percentage area of
osteoid plus mineralized tissue in the healing defects. We
have found previously that HEBP increases bone volume
(Lekic et al. 1997) and, in this study, increases in matrix
production as measured by 3H-proline uptake. These
HEBP-mediated changes in bone mass could be regulat-
ed through changes in bone resorption or bone formation
or both (Goziotis et al. 1995). However, the fact that la-
beled proline data show increased bone matrix synthesis
in vivo as well as in vitro (Goziotis et al. 1995) coupled
with the findings showing that APD, a powerful inhibitor
of resorption, did not stimulate wound closure suggests
that the predominant effect of HEBP is on bone forma-
tion.

In support of the above, previous studies indicate that
3H-HEBP labeled 3–15 times more osteoblast than os-
teoclast surfaces (Masarachia et al. 1996). This in-
creased affinity of HEBP for osteoblasts and the previ-
ously demonstrated effect on promotion of osteoblast
differentiation (Lekic et al. 1997; Klein et al. 1998)
could in part explain the enhanced osteoid/mineralized
tissue production in the bony compartment of the
wound. On the other hand, the increased affinity of
HEBP for osteoblasts may help to inhibit bone resorp-
tion since bisphosphonates can abrogate IL-6 production
in human osteoblastic cells (Giuliani et al. 1998). Al-
though not shown here, there were few if any osteo-
clasts (on the basis of thrombospondin-related anony-
mous protein, TRAP, staining) observed in any of the
treatment groups including the control. Thus, HEBP- or
APD-mediated inhibition of osteoclast activity would
not be expected to contribute very much to wound heal-
ing in any case. Conceivably, the newly formed, thicker
osteoid tissue in the HEBP-treated animals mineralizes
(King et al. 1971; Tenenbaum et al. 1992), thereby lead-
ing to increased bone volume.

Effect of HEBP on proliferation of osteogenic 
precursor cells

The relatively high percentages of 3H-thymidine-labeled
cells in the endosteal spaces of the surrounding bone ad-
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Fig. 6a,b Total cell counts are depicted in this figure (±SEM) 
in the bony compartment (site 2) and in the central compartment
(site 3) of the wound. In site 2 there is a decrease in total cell
count from week 1 to week 2 in control animals. However, total
cell counts also appear to be reduced in HEBP-treated animals as
compared with the control at 1 week while the total cell counts are
similar by 2 weeks. A similar control pattern is seen in site 3;
however, the total cell count is now higher by week 2 in HEBP-
treated animals as compared with the control



jacent to the calvarial wound indicate that these prolifer-
ating precursor cells contribute to the cell repopulation
of the extirpated wound as has been shown previously in
alveolar bone (Gould et al. 1980). Cells repopulating cal-
varial wounds include fibroblast and osteoblast precursor
cells (Marden et al. 1993), both of which may be regulat-
ed by bisphosphonates (Goziotis et al. 1995; Lekic et al.

1997). Consistent with these data we found that animals
treated with HEBP exhibited reduced proliferation of os-
teoblast precursor cells in the endosteal spaces of the
surrounding intact bone. Conceivably, and as indicated
in previous studies (Goziotis et al. 1995; Lekic et al.
1997), it is possible that HEBP selectively stimulates the
differentiation but reduces the proliferation of osteogenic
cells as has been shown previously in an in vitro study of
cultured rat calvarial cells (Sodek et al. 1995).

HEBP promotes osteoblast differentiation and closure 
of calvarial wounds

We found that animals treated with HEBP exhibited
changes in the staining intensity and localization of OPN
and BSP compared with controls. The expression of these
proteins has been associated with discrete stages of miner-
alized tissue formation (Chen et al. 1992; Yao et al. 1994).
For OPN, previous studies have shown that this protein is
expressed by osteogenic cells and also by non-osteogenic
cells (Denhardt and Guo 1993), whereas staining for BSP
is more exclusively associated with differentiated mineral-
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Fig. 7 a HEBP-treated, 1-week postwounding specimen, showing
3H-thymidine-labeled cells in the bony compartment of the wound
(larger arrowheads) and clustering of labeled cells (smaller 
arrowheads) in the proximity of OPN-stained cells (arrows). b Sa-
line-treated control, 1 week postwounding specimen showing sim-
ilar labeling (larger arrowheads) in the HEBP-treated specimen
(Fig. 3c) and clustering (smaller arrowheads) of labeled cells in
the proximity of positive OPN immunostaining (arrows) (2 bony
compartment of the wound). c Photomicrograph of an HEBP-
treated, 2 weeks postwounding specimen showing intense BSP
staining (arrows) in the bony compartment of the wound (2) 
(DM dura mater, 2 bony compartment of the wound, 3 central por-
tion of the wound). d Photomicrograph of an HEBP-treated,
2 weeks postwounding specimen showing a high percentage 
of BSP+ve cells (arrows) at the endosteal spaces of the surround-
ing bone margin (SBM). Bony compartment of the wound (2).
Bars 20 µm (a,b,d)



ized tissue-forming cells (Bianco et al. 1991; Chen et al.
1991, 1992). Notably, HEBP-treated animals exhibited in-
creased expression for OPN at sites adjacent to the wound
margin, demonstrating that HEBP may promote osteoblast
differentiation. In animals treated with HEBP for 1 week
there were greater numbers of OPN-stained cells which

were confined to the bone compartment of the wound.
These cells presumably originated from the surrounding
bone but did not undergo extensive proliferation as sug-
gested by the 3H-thymidine data shown here and earlier
(Lekic et al. 1996b). In the central compartment of the
wound, OPN and BSP expression were significantly re-
duced in animals treated with HEBP for 1 week, suggest-
ing that either the migratory capacity and/or the prolifera-
tion of precursor cells was reduced. Expression of BSP, a
known nucleator of mineralization (Kasugai et al. 1991),
was completely absent in the central portion of the wound
for the 1st week. This is consistent with the findings of an
initial inhibitory effect of HEBP on mineralization (Klein
et al. 1998; Leyhausen et al. 1998), whereas mineraliza-
tion of osteoid will eventually occur either with prolonged
HEBP treatment or with cessation of the same in vivo
(King et al. 1971) or in vitro (Tenenbaum et al. 1992) as
we observed at 2 weeks in the present report. It is also in-
teresting to note that full inhibition of mineralization with
HEBP did not occur and that mineralization patterns were
not always completely consistent with BSP-staining pat-
terns. This points to the probability that there are multiple
mineralization pathways that may not be dependent on
BSP. Indeed, in a BSP-null mouse (unpublished observa-
tions by Dr. Jane Aubin), there were no obvious changes
in bone mineralization. However, we intend to determine
how wounds heal in these animals with and without
HEBP in future studies.

We conclude that HEBP promotes osteoblast differen-
tiation and matrix-producing activity, but reduces the pro-
liferation and possibly the migration of more primitive
osteogenic precursor cells. These alterations in cell me-
tabolism lead to enhanced osteoid and, ultimately, miner-
alized tissue formation at the periphery of calvarial
wounds. Given the stimulatory effects on bone matrix
synthesis and the fact that mineralization will still occur
in the presence of HEBP (albeit more slowly) and once
HEBP treatment is stopped as shown by others (King et
al. 1971; Wesselink and Beertsen 1994), our results could
have significant implications for therapeutic interventions
in which bisphosphonates may be used potentially to pro-
mote integration of endosseous implants or closure of os-
seous defects following injuries. However, it must also be
emphasized that the biomechanical properties of the bone
formed in the non-weight-bearing calvaria may be such
that it would not confer a biomechanical advantage over
control. Thus, further studies focusing on the biomechan-
ical characteristics of bone formed with HEBP treatment
need to be done before this can be used clinically.
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