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TGF-b1 Calcium Signaling in Osteoblasts
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Abstract Transforming growth factor-b1 (TGF-b1) action is known to be initiated by its binding to multiple cell
surface receptors containing serine/threonine kinase domains that act to stimulate a cascade of signaling events in a variety
of cell types. We have previously shown that TGF-b1 and BMP-2 treatment of primary human osteoblasts (HOBs)
enhances cell-substrate adhesion. In this report, we demonstrate that TGF-b1 elicits a rapid, transient, and oscillatory rise
in the intracellular Ca2þ concentration, [Ca2þ]i, that is necessary for enhancement of cell adhesion in HOBs but does not
alter the phosphorylation state of Smad proteins. This rise in [Ca2þ]i in HOB is not observed in the absence of extracellular
calcium or when the cells are treated with the L-type Ca2þ channel blocker, nifedipine, but is stimulated upon treatment
with the L-type Ca2þ channel agonist, Bay K 8644, or under high Kþ conditions. The rise in [Ca2þ]i is severely attenuated
after treatment of the cells with thapsigargin, a selective endoplasmic reticulum Ca2þ pump inhibitor. TGF-b1
enhancement of HOB adhesion to tissue culture polystyrene is also inhibited in cells treated with nifedipine. These data
suggest that intracellular Ca2þ signaling is an important second messenger of the TGF-b1 signal transduction pathway in
osteoblast function. J. Cell. Biochem. 101: 348–359, 2007. � 2007 Wiley-Liss, Inc.
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Transforming growth factor-b1 (TGF-b1) is a
multifunctional signaling protein that initiates
a wide variety of responses in many different
cell types. For example, TGF-b1 action is involv-
ed in embryogenesis, differentiation, promotion

of wound healing, fracture healing, extracel-
lular matrix (ECM) production, and cell adhe-
sion [Centrella et al., 1994; Alevizopoulos and
Mermod, 1997; Shah et al., 1997; Schmidmaier
et al., 2004; Wildemann et al., 2004; Thapa
et al., 2005]. Interestingly, themineralized bone
matrix is one of the richest depots of TGF-b1 in
the body. Osteoblasts contain a large number
of high affinity TGF-b1 receptors, and TGF-b1
regulates many osteoblast functions, including
the expression of ECM genes, such as collagen
type I and fibronectin, and their integrin recep-
tors, aswell as stabilization of integrin subunits
[Ignotz andMassague, 1987; Robey et al., 1987;
Dean et al., 1988; Roberts et al., 1988; Heino
et al., 1989; Harris et al., 1994; Dallas et al.,
2005; Lee et al., 2006].

Our laboratory has previously shown that
adhesion of primary human osteoblasts (HOBs)
to substrates, including biomaterials used for
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orthopedic implants, is enhanced by pretreat-
mentwith TGF-b1 or BMP-2 [Shah et al., 1999].
Osseointegration, the close apposition of bone to
adjacent biomaterials [Branemark et al., 1977],
is believed to be critically dependent on optimal
osteoblast adhesion and proliferation, bone
matrix production, and mineralization at the
bone-implant interface [Sinha et al., 1994]. Cell
adhesion is the first crucial step for osseointe-
gration, as it essentially specifies the spatial
fate of the cell. In addition, cell proliferation,
differentiation, ECM production, and organiza-
tion, as well as apoptosis have all been shown to
be influenced by the events of cell-substrate
adhesion [Sinha et al., 1991; Frisch et al., 1996;
Sastry and Horwitz, 1996; Harbers and Healy,
2005; Advincula et al., 2006; El-Amin et al.,
2006]. Thus, enhancing the adhesive activities
of osteoblastsmaynot only improve their ability
to ‘‘grow into’’ the surface architecture of bio-
materials and promote the longevity of osseous
implants, but also improve their functional
interaction with the existing bone matrix.
Two types of TGF-b1 receptors (TbRs) are

generally believed to initiate the signal trans-
duction cascade [Hill, 1996; Alevizopoulos and
Mermod, 1997; Heldin et al., 1997; Huang and
Huang, 2005; Faler et al., 2006]. The TGF-b1
receptor complex consists of two type II (TbRII)
and two type I (TbRI) receptors. TGF-b1 initi-
ally binds to a constitutively active serine/
threonine kinase specific for TbRI. This
ligand-receptor complex then recruits and
phosphorylates TbRI, thereby activating the
TbRI kinase to form a heterotetrameric TGF-b
receptor complex which initiates signal trans-
duction.
The downstream signaling cascade for TGF-

b1 has been shown to consist of many pathways
and components. Much of the literature has
dealt with receptor associated Smad proteins
as the primary mediators of TGF-b1 signaling.
Whether the Smad pathway is the dominant
downstream signaling cascade after TGF-b1-
receptor interaction remains to be established
[Oide and Thurman, 1994; Ishiyama et al.,
1996; Alevizopoulos et al., 1997; Javelaud and
Mauviel, 2005; Yoshida et al., 2005]. Here, we
report a TGF-b1 induced intracellular Ca2þ flux
in HOB, a result of the opening of nifedipine-
sensitive Ca2þ channels. The resulting change
in intracellular Ca2þ level, [Ca2þ]i, is necessary
for the TGF-b1 mediated enhancement of HOB
adhesion to substrate.

MATERIALS AND METHODS

Cell Preparation

All in vitro experiments described were
carried out on cultured primary HOB, isolated
using the protocol of Robey and Termine [1985],
modified by Sinha and Tuan [1996]. Briefly,
bone chips from human trabecular bone were
digested with collagenase P (Sigma), plated in
calcium free DMEM/F12K medium, supple-
mented with 10% fetal bovine serum (Atlanta
Biological), 2 mM L-glutamine, 25 mg/ml ascor-
bate, and50mg/ml penicillin–streptomycin, and
incubated at 378C in 7.5% CO2. Cells migrated
from the bone chips within 10–14 days and
reached confluency within 4 weeks. The cul-
tures were then switched tomedium containing
a normal level of calcium (1.1 mM), referred to
as standard medium. The cells were used for
experiments between 4 and 10 weeks of culture
prior to the second passage. All procedures
using human tissue were approved by the
InstitutionalReviewBoard of Thomas Jefferson
University.

Measurement of Intracellular Ca2þ

TGF-b1 induced [Ca2þ]i response was mea-
sured in Fura-2 loaded HOB by fluorescence
imaging [Tsien, 1989] using a previously des-
cribed setup [Rooney et al., 1989]. HOB were
plated at a density of 10,000 cells/cm2 on No. 1
glass coverslips and loaded with the Ca2þ

indicator, Fura-2, by incubation with 10 mM
Fura-2/AM (Molecular Probes) for 20 min at
378C. AmodifiedHank’s Balanced Salt Solution
(HBSS), consisting of 121 mM NaCl, 4.7 mM
KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4,
2 mM CaCl2, 5 mM NaHCO3, 10 mM HEPES,
10 mM glucose, and 0.18 mg/ml bovine serum
albumin (Sigma), pH 7.4, was used for all
fluorescence imaging experiments. The [Ca2þ]i
response to TGF-b1wasmeasured in individual
cells within populations using a fluorescence
imagingmicroscope (Olympus) equipped with a
cooled CCD camera (Photometrics). After wash-
ing, cells were mounted on a temperature
controlled microscope stage that provided easy
access for medium changes. The temperature
was held constant at 378C for all imaging
experiments. Wavelengths used were: excita-
tion, 340 and 380 nm; and emission, 510 nm. An
experimental run typically included 204 image
sets taken at 5 s intervals with 200 ms shutter
speed. Baseline [Ca2þ]i levels were measured
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for 2 min, then recombinant human TGF-b1
(10 ng/ml; R&D Systems) was added, and
[Ca2þ]i was measured for an additional 15 min.
In some experiments, nifedipine (10 mM,Sigma)
or Bay K 8644 (10 mM, Biomol) was added as
antagonist and agonist of L-typeCa2þ channels,
respectively. Thapsigargin (10 mM, Sigma) was
also used to some experiments to block the
endoplasmic reticulum Ca2þ pump.

Cell Adhesion Assay

HOB adhesion to substrate was assayed as
described previously [Sinha and Tuan, 1996;
Shah et al., 1999]. HOB were plated on 24 well
(1.9 cm2/well) tissue culture polystyrene plates
(Costar) at a density of 10,000 cells/cm2, and
then incubated for 12 h at 378C in the presence
of standard medium, medium supplemented
with TGF-b1 (10 ng/ml), medium supplemented
with nifedipine (10 mM), or medium supplemen-
ted with both TGF-b1 and nifedipine at the
same respective concentrations.At 3, 6, and12h
time points, non-adherent cells were rinsed
away with phosphate buffered saline (PBS),
pH 7.4, and adherent cells were labeled for
30 min with the fluorescent dye, BCECF-AM
(10mM,MolecularProbes) [Wierda et al., 1989].
The labeled cellswere then lysedwith 1%Triton
X-100 and cell number was estimated by
measuring the released dye by spectrofluoro-
metry (excitation, 485 nm; emission, 535 nm).

Smad-2 Phosphorylation Assay

Cell lysate preparation. HOB plated at a
density of 5� 105 cells per 25 cm2 vented tissue
culture flask (Corning) and cultured for 7 days
were stimulated for 15 min at 378C as follows:
untreated control, 10 ng/ml of TGF-b1, 10 ng/ml
of TGF-b1 and 10 mM nifedipine, and 10 mM
nifedipine alone. After washing with ice-cold
PBS, cells were lysed by shaking for 15 min at
48C with 800 ml of protein extraction buffer,
consisting of 50mMTris-HCl pH7.4, 1%NP-40,
0.25% sodium deoxycholate, 150 mM NaCl,
1 mM EDTA, a protease inhibitor cocktail
(1 mM phenylmethylsulfonyl fluoride, 1 mg/ml
pepstatin, 1 mg/ml leupeptin, and 1 mg/ml
aprotinin), 1 mM activated Na3VO4, and 1 mM
NaF. Cell lysate was collected as the super-
natant after centrifugation.

Immunoprecipitation. Cell lysates were
precleared by incubation with Protein G agar-
ose beads (Gibco), and protein concentration
determined using the BCAmicro assay (Pierce).

To 3 mg of HOB protein extract, a Smad-2
antibody generated in mouse (Santa Cruz), was
addedat adilution of 1:1,000, and the cell lysate/
antibodymixture incubatedwith shakingat 48C
overnight. The immunocomplex was captured
by the addition of Protein G beads, washed in
ice-cold PBS, and solubilized by boiling for 5min
in 2� SDS–PAGE sample buffer (BioRad).

Western blot analysis. Immunoprecipi-
tates were separated by SDS–PAGE on a 7.5%
polyacrylamide gel (BioRad) and electrotrans-
ferred to nitrocellulose paper (Hybond). After
blocking with 5% bovine serum albumin, the
blot was incubated with either anti-phospho-
serine or anti-Smad-2 antibodies (Santa Cruz,
1:1,000). Immunoreactive protein was detected
byHRP-chemiluminescence (NENLifeSciences).

RESULTS

Our laboratory has previously shown that
a 12-h pretreatment with TGF-b1 or BMP-2
resulted in an enhancement of HOB adhesion
[Shah et al., 1999; Noth et al., 2003] (unpub-
lished data). This enhanced adhesion is seen on
both tissue culture polystyrene and metallic
alloy biomaterials. The aim of this study is to
examine the intracellular signaling pathways
responsible for TGF-b1 enhancement of HOB
adhesion.

TGF-b1 caused an immediate but transient
change in [Ca2þ]i inHOB (Fig. 1).Wemonitored
this effect in Fura-2 loaded primary HOB
immediately after the addition of 10 ng/ml of
TGF-b1. Greater than 70% of cells responded to
the addition of TGF-b1 with an initial rise in
[Ca2þ]i, followed by oscillatory changes in
[Ca2þ]i. The initial response occurred immedi-
ately in almost all cells (Fig. 1A), and consisted
of both single responses (Fig. 1B) and oscillatory
responses (Fig. 1C,D). The average maximal
[Ca2þ]i for responding cells was 222 nM. Sub-
sequent oscillations were approximately half
the magnitude of the initial peak and averaged
117 nM. Oscillations occurred at a frequency of
0.24 spikes perminute during the15min sampl-
ing period. There were few, if any, responses in
the nifedipine treated group. Nifedipine treated
cells that did respond showed average max-
imum [Ca2þ]i of 90.9 nM, and oscillatory spikes
were approximately the same magnitude at
81.8 nM. Neither of these values was statisti-
cally different from baseline [Ca2þ]i levels.
These data are summarized in Table I.
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The importance of mechanical stimulation,
including fluid shear, in the activation of
osteoblast Ca2þ channels has been well docu-
mented [Duncan et al., 1998]. For this reason,
great care was taken to prevent fluid shear
while adding growth factor or any other experi-
mental agonist or antagonist. Addition of
imaging buffer alone (without growth factor)
failed to elicit [Ca2þ]i transients in the tested
cell populations.
We next examined whether the TGF-b1

induced rise in [Ca2þ]i was dependent on
extracellular calcium (Fig. 2). Fura-2 loaded

HOB were first placed in a calcium-free mod-
ified HBSS for 5–10 min before TGF-b1 stimu-
lation and [Ca2þ]i monitoring. As shown in
Figure 2, TGF-b1 treatment did not cause a rise
in HOB [Ca2þ]i in the absence of extracellular
calcium. That this failure to respond was not
due to a depletion of intracellular calcium stores
was shown by subsequently treating the HOB
with 10 mMthapsigargin, a specific endoplasmic
reticulum Ca2þ pump inhibitor, which resulted
in an immediate release of stored intracellular
calcium (Fig. 3). The TGF-b1 [Ca2þ]i response
was restored with an attenuated response after

TABLE I. Effect of TGF-b1 Treatment on [Ca2þ]i in HOB{

TGF-b TGF-b1 and nifedipine
Sequential thapsigargin
and TGF-b1 treatment

Baseline [Ca2þ] (nM) 59.8 (�25.6) 56.4 (�39.2) 89.8 (�3.3)
Maximum rise in [Ca2þ]i (nM) 222.4 (�79.9)** 90.9 (�106.5)* 202.4 (�61.3)***
Oscillatory rise in [Ca2þ]i (nM) 117.3 (�56.4)þþ 81.1 (�71.8)þ 100.4 (�7.7)þþþ

Oscillations per minute 0.24 0 0
% Cells responding 75.8 0 Not determined

Maximum [Ca2þ]i versus baseline: *P¼0.02; **P<0.001; ***P< 0.005.
Maximum [Ca2þ]i versus oscillation:

þP¼ 0.56; þþP< 0.001; þþþP< 0.005.
{n& 240 for all analysis. All Ca2þ imaging experiments were repeated at least three times.

Fig. 1. TGF-b1 treatment of HOB results in transient rise in [Ca2þ]i. HOB were isolated, cultured and
treated with 10 ng/ml of TGF-b1 as described in Materials and Methods, and monitored for [Ca2þ]i using
Fura-2 ratiometric spectrofluorometry. The results presented in the main figure (A) are an average from a
population of cells (n& 75). Representative single cell responses include single spike (B) and initial spike
with subsequent [Ca2þ]i oscillations (C,D). All Ca2þ imaging experiments were repeated at least three times.
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Fig. 2. TGF-b1 stimulation of [Ca2þ]i flux in HOB requires extracellular calcium and functional L-type
Ca2þ channels. TGF-b1 treatment resulted in no significant change in [Ca2þ]i in HOB maintained in calcium-
free medium or upon treatment with nifedipine. All Ca2þ imaging studies were repeated at least three times;
n&75 cells.

Fig. 3. TGF-b1 induced [Ca2þ]i flux requires extracellular Ca2þ influx for release of intracellular Ca2þ

stores. HOB, in a calcium-free buffer solution, were treated first with TGF-b1 and then treated with
thapsigargin to release intracellular Ca2þ stores. The results here demonstrate the relationship between
TGF-b1 stimulated [Ca2þ]i flux, and extracellular Ca2þ influx and the release of intracellular Ca2þ stores.
These Ca2þ stores are not depleted in the calcium-free buffer solution. All [Ca2þ]i imaging studies were
repeated at least three times: n& 75 cells.
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replacement of extracellular calcium to the
bathing medium (Fig. 4).
L-Type Ca2þ channels are characterized, in

part, by their sensitivity to dihydropyridines
(DHP) [Tsien et al., 1987]. HOB treated with
10 mM nifedipine, a selective L-type Ca2þ

channel blocker, either failed to respond or
showed an attenuated response after the addi-
tion of TGF-b1 (Fig. 2). On average, the normal
initial TGF-b1 response increased [Ca2þ]i from
a resting level of approximately 50 nM to an
average stimulated level of 222 nM. Population
studies and single cell monitoring demon-
strated no response in cells pretreated with
nifedipine (Fig. 2). To further characterize the
HOB Ca2þ channel sensitivity to DHP, the cells
were treatedwith 10 mMBayK 8644, a selective
L-type Ca2þ channel agonist. HOB responded
with an increase in [Ca2þ]i that was similar to
the TGF-b1 induced [Ca2þ]i response shown
in Figure 1 (data not shown). Both single
responses and oscillatory responses were seen.
These results, therefore, suggest that TGF-b1
induced a change in intracellular Ca2þ metabo-
lism, that is, initiated by the influx of extra-
cellular Ca2þ through DHP-sensitive Ca2þ

channels.

To test the voltage sensitivity of the HOB
Ca2þ channels, the cells were placed in a high
Kþ environment, 50 mM, to depolarize the cell
membrane. A rise in [Ca2þ]i was observed (data
not shown), consistent with the involvement of
L-type Ca2þ channels which are classified as
high voltage activated (HVA) voltage sensitive
Ca2þ channels (VSCC). Both single responses
and oscillatory responses were seen.

To determine the importance of intracellular
calcium stores in the Ca2þ signaling response,
HOB were treated sequentially with thapsi-
gargin and TGF-b1. All cells released their
intracellular calcium stores after thapsigargin
treatment. Ten minutes after exposure to
thapsigargin, TGF-b1 stimulation failed to
elicit its characteristic response. In the res-
ponding cells, there was a severely attenuated
rise in the [Ca2þ]i levels and no subsequent
oscillations (Fig. 4). These results indicate that
intracellular calcium stores are required for a
complete TGF-b1 induced [Ca2þ]i response in
the HOB. Thus, intracellular Ca2þ stores and
extracellular Ca2þ influx worked in concert to
significantly alter resting [Ca2þ]i and trigger
[Ca2þ]i oscillations after TGF-b1 treatment of
HOB.

Fig. 4. TGF-b1 induced [Ca2þ]i flux requires intracellular calcium stores. As described in Materials and
Methods, HOB were treated first with thapsigargin to release intracellular Ca2þ and then stimulated with
TGF-b1. The severely attenuated response to TGF-b1 indicates the requirement of intracellular calcium
stores for TGF-b1 induced Ca2þ signaling. All Ca2þ imaging studies were repeated at least three times:
n& 75 cells.
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Our results also showed that TGF-b1 induced
Ca2þ influxwas important for the enhancement
of HOB adhesion (Fig. 5). Groups of HOB were
pretreated for 12hwith10ng/mlTGF-b1, 10mM
nifedipine, or 10 ng/ml TGF-b1 and 10 mM
nifedipine, and then assayed for adhesion
activity as described inMaterials andMethods.
HOB not treated with supplemental growth
factor or Ca2þ channel blocker served as the
control group. As observed previously in similar
assays [Faler et al., 2006], the number
of adherent cells increased as a function of
time with maximal adhesion level occurring
at the 12-h time point. Cells treated with
nifedipine showed minimal changes in initial
adhesion kinetics and maximal adhesion level
compared to control groups, indicating that
nifedipine alone does not affect HOB adhesion
without supplementation of growth factors.
Cells pretreated with TGF-b1 for 12 h demon-
strated a significantly increased rate of adhe-
sion and overall level of adhesion compared to
control groups (P< 0.05) as reported previously
[Duncan et al., 1998]. Cells treated with
nifedipine and then stimulated with TGF-b1
failed to exhibit the same enhanced adhesion
kinetics and overall adhesion. These results
suggest that TGF-b1 induced Ca2þ influx,
mediated bynifedipine sensitiveCa2þ channels,
is important for TGF-b1 enhancement of adhe-
sion kinetics and overall adhesion.

To investigate the relationship between
extracellularCa2þ influx andSmad-2phosphor-
ylation, HOB were stimulated with TGF-b1
and/or nifedipine for 15 min and then lysed.
After immunoprecipitation from total protein
extract, Smad-2 was analyzed for its phosphor-
ylation state by western blot, probed with an
anti-phosphoserine antibody. TGF-b1 stimula-
tion resulted in increased serine phosphoryla-
tion of Smad-2. However, phosphorylation was
not affected by Ca2þ influx (Fig. 6a). Probing
the western blot with Smad-2 antibody demon-
strated equal levels of Smad-2 protein in all test
groups (Fig. 6b). These results suggest that the
TGF-b1 induced Ca2þ signal is not required for
Smad-2 serine phosphorylation.

DISCUSSION

We have previously observed that TGF-b1
family member treatment of HOB enhanced
their adhesion characteristics [Shah et al.,
1999; Noth et al., 2003]. We identified cell
spreading, increased focal contact formation,
and increased ECM production as probable
events modified by TGF-b1 and involved in
adhesion enhancement.However, little is known
about the signal transduction pathway respon-
sible for these changes. Much of the attention
in TGF-b1 signal transduction has been focus-
ed on the Smad proteins [Verschueren and

Fig. 5. TGF-b1 enhancement of HOB adhesion to culture substrate is dependent on [Ca2þ]i signal mediated
by L-type Ca2þ channel. Compared to controls: *P¼<0.05; þP>0.05; n&75 cells. All samples were
analyzed in triplicates and the experiment was repeated three times. All results are presented as mean� SD.
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Huylebroeck, 1999; Blobe et al., 2000; Javelaud
and Mauviel, 2005; Hill, 2006]. In the TGF-b
signaling pathway, activated TbRI phosphory-
lates Smads 2 and 3, which then complex with
Smad 4 and translocate to the nucleus where
they affect gene transcription. The results
reported here show that TGF-b1 treatment
causes an immediate but transient change in
[Ca2þ]i in cultured HOB. Furthermore, this
change in [Ca2þ]i is required for osteoblast
adhesion enhancement, but it is not required
for Smad-2 phosphorylation. Together, these
data strongly suggest that the intracellular
Ca2þsignal is functionally important for TGF-
b1 signal transduction in osteoblasts.
The oscillatory changes in [Ca2þ]i are initiat-

ed by Ca2þ influx through a yet to be defined
Ca2þ channel. Several studies have shown
osteoblasts to express predominantly L-type
Ca2þ channels and have demonstrated their
importance in signal transduction events [Loza
et al., 1994; Barry et al., 1995;Wang et al., 2004;
Shao et al., 2005; Zahanich et al., 2005]. The
channels responsible for TGF-b1 induced Ca2þ

influx inHOB appear to have properties similar
to those of an L-type Ca2þ channel, as shown by
their sensitivity to DHP’s and to increases in
voltage. However, the nature of channel control
has not yet been determined. Nevertheless, this
initial Ca2þ influx after TGF-b1 treatment
appears to induce intracellular Ca2þ release
that results in [Ca2þ]i oscillations, suggestive of
a maintenance signal, and contributes to adhe-
sion enhancement. It appears that Ca2þ influx
is crucial for intracellular Ca2þ release, as there
is no response when cell membrane Ca2þ

channels are blocked or when cells are stimu-
lated in the absence of extracellular calcium.
The exact mechanisms responsible for the
closely linked extracellular Ca2þ influx and
intracellular Ca2þ release remain to be deter-
mined.

Nifedipine-treated HOB do not show the
enhanced adhesion properties in response to
TGF-b1. In fact, the adhesion kinetics of
nifedipine-treated cells, with or without the
addition of TGF-b1, is similar to that of the
untreated control group. This result shows that
nifedipine itself has only a minimal negative
effect on osteoblast adhesion in the absence of
any additional growth factor. However, when
nifedipine is used to block the TGF-b1 induced
extracellular Ca2þ influx, adhesion enhance-
ment is not seen, strongly suggesting the
importance of extracellular Ca2þ influx in the
TGF-b1 adhesion promoting effect.

The preponderance of the literature describes
receptor associated Smad proteins as central
to TGF-b1 signal transduction. TbRI directly
serine phosphorylates Smad 2 which confers
downstream effects [Heldin et al., 1997]. Here,
we find that blocking TGF-b1 Ca2þ influx does
not alter Smad-2 phosphorylation. This result
suggests that there is a degree of separation
between the Smad signaling pathway and TGF-
b1 induced Ca2þ signaling pathway. Whether
the separation exists upstream or downstream
of Smad-2 phosphorylation remains to be deter-
mined.Understanding the importance of Smad-
2 phosphorylation onCa2þ channel opening and
the significance of Ca2þ influx on downstream
targets of Smad-2 will further elucidate the

Fig. 6. Relationship between the TGF-b1 Ca2þ signal and Smad 2 phosphorylation. Protein extracts from
HOB treated with TGF-b1 for 15 min were immunoprecipitated with Smad 2 antibodies and analyzed by
Western immunoblotting. A: Immunoblot probed with anti-phosphoserine antibody. TGF-b1 treatment
results in Smad 2 phosphorylation. Nifedipine does not affect TGF-b1 induced Smad 2 phosphorylation.
B: Immunoblot probed with Smad 2 antibody demonstrating equivalent Smad 2 load in all samples.
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interaction between the TGF-b1 Smad signal-
ing pathway and intracellular Ca2þ signaling
pathway.

The role of the Ca2þ signal in HOB adhesion
enhancement by TGF-b1 is not known. How-
ever, increased collagen transcription and
integrin subunit stability, two factors which
were previously shown to contribute to osteo-
blast adhesion [Sinha et al., 1994; Frisch et al.,
1996], have been suggested as downstream
targets of Ca2þ signals [Alevizopoulos et al.,
1997; Bouvard and Block, 1998]. Thus, a TGF-
b1 inducedCa2þ response inNIH3T3fibroblasts
has been identified and has been shown to
increase the activity of CTF-1, a transcription
factor that activates collagen type I expression.
Collagen type I comprises more than 90% of the
ECM produced by osteoblasts, and we have
recently shown that it plays a rate-limiting role
in HOB adhesion to orthopaedic implant bio-
materials (unpublished data). In addition, we
have shown that a2b1, avb1, and a5b1 integrin
subunit expression and distribution are impor-
tant for osteoblast adhesion to collagen, vitro-
nectin, and fibronectin, respectively, as well as
the importance of the TGF-b1 induced Ca2þ

signal in a5 integrin subunit expression and
distribution [Shah et al., 1999; Nesti et al.,
2002]. These integrin subunits bind to ECM
components such as collagen, vitronectin, and
fibronectin to effectively ‘‘anchor’’ the osteoblast
to its substratum. Recent studies have shown
that b5b1 integrin binding to fibronectin is
dependent on calcium/calmodulin-dependent
protein kinase II (CaMKII) [Bouvard andBlock,
1998]. This presents another candidate down-
stream target for the TGF-b1 induced intracel-
lular Ca2þ signal that may contribute to the
adhesion enhancement properties of TGF-b1.
Of particular interest is our finding of the
[Ca2þ]i oscillatory response to TGF-b1, that
may act as a maintenance signal and as a
contributing mechanism to cell adhesion to
substrate via inside-out signaling. These areas
merit additional investigation.

It is noteworthy that TGF-b1 utilizes more
than one signaling pathway to elicit cell
responses. The literature of TGF-b1 action on
osteoblasts is replete with apparent inconsis-
tencies. In some instances, TGF-b1 increases
osteoblast specific proteins and gene expression
[Pfeilschifter et al., 1987; Hock et al., 1990;
Bonewald et al., 1992; Mundy et al., 1993],
whereas in other cases TGF-b1 may suppress

osteoblast function [Noda and Rodan, 1986;
Centrella et al., 1987; Chen et al., 1991; Harris
et al., 1994]. These differences have often been
attributed to the difference between various
osteoblastic cell lines and their varying stages of
differentiation.

Several authors have shown that the expres-
sion levels of Ca2þ channels vary in osteoblastic
cell lines [Meszaros et al., 1996; Barry, 2000]. In
addition, Ca2þ channel expression and activity
change with osteoblast differentiation [Loza
et al., 1994; Prestonet al., 1996]. Taken together
with the findings reported here, these data may
explain, at least in part, the variations in TGF-
b1 responses seen in osteoblastic cells. Since the
TGF-b1 inducedCa2þ signal is initiated byCa2þ

influx through L-type channels, the activity of
this branch of the TGF-b1 signaling pathway
would depend on the number of channels
expressed or other regulators of channel activ-
ity. These multiple signaling pathways
initiated by TGF-b1 may thus contribute to the
complex effects of the growth factor reported.

In assessing the in vivo significance of the
in vitro findings reported here, two issues
should be considered: (1) TGF-b1 concentra-
tions, and (2) use of polystyrene as a culture
substrate.While the concentration of TGF-b1 in
the osteoblast microenvironment is not known,
it is likely that osteoblasts are exposed to a wide
range of TGF-b1 concentrations. For example,
under conditions of rapid bone turnover or
repair, the osteoblast may experience high
levels of TGF-b1, whereas in relatively quies-
cent conditions, the osteoblast may encounter
low concentrations of TGF-b1. The concentra-
tion of 10 ng/ml of TGF-b1 is found to be within
this concentration range [Wildemann et al.,
2004]. Although osteoblast adhesion to plastic
does not occur in vivo, the events and mechan-
isms involved in the adhesion process are likely
to be similar, such that the in vitro system
should serve as a useful experimental model.

In summary, our findings strongly suggest
that intracellular Ca2þ signaling is likely to be
an important component of the TGF-b1 signal
transduction pathway in osteoblasts. We have
demonstrated a TGF-b1 induced Ca2þ signal in
HOB, and have shown the importance of this
Ca2þ signal in cell adhesion to the substrate. It
is noteworthy that intracellular Ca2þ signals
have been observed as part of the response of
osteoblasts to a variety of different osteoactive
stimuli. For example, mechanical stimulation,
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electrical stimulation, and exposure to various
growth factors, hormones, cytokines all gener-
ate intracellular Ca2þ responses in osteoblasts
(see review inHuang andHuang [2005]). Under-
standing themechanisms regulating and trans-
ducing this intracellular Ca2þ signal in the
activation of osteoblasts should yield significant
insights on bone cell function and help to
identify functional targets for the development
of novel therapies for clinical orthopedics.
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