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Abstract Two osteoblastic cell populations, calvarial and marrow stromal cells, were exposed to estrogen
derivatives in vitro. The hormonal effect was monitored by following intracellular Ca12 levels [Ca12]i and gap-junction
communication. We measured fast changes in intracellular Ca12 levels in response, of these cells, to the steroid
hormones. The changes were dose dependent revealing maximal activity at 100 pM by 17-b-Estradiol and 1 nM by
estradiol-CMO. Additionally, the effect of estrogen, on functional coupling of the cells, was measured using fluores-
cence dye migration and counting the number of neighboring cells coupled by gap junctions. An uncoupling effect was
demonstrated in response of these cells to estrogen treatment. The quick stereospecific effect was achieved in the
presence of 17-b-estradiol but not in the presence of 17-a-estradiol. These results suggest the involvement of plasma
membrane receptors in addition to the already known nuclear receptors in transducing the hormone effects in the
osteoblastic cells. J. Cell. Biochem. 69:282–290, 1998. r 1998 Wiley-Liss, Inc.
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The sex steroids are known to play a crucial
role in the process of skeletal development.
Their effect was found to play a major role in
puberty maturation, including skeletal changes.
During aging, a decline in the levels of sex
hormones is observed. In women a striking
condition of estrogen-deficiency has been estab-
lished as a major etiologic factor in postmeno-
pausal osteoporosis, characterized by reduced
bone formation [Riggs et al., 1972; Lindsay et
al., 1980; Christiansen et al., 1981; Ivey and
Baylink, 1981]. It was reported that osteoblas-
tic cells from human [Arnet et al., 1987; Erik-
sen et al., 1988], rat [Komm et al., 1988], and
mouse [Shamay et al., 1996; Ikegami et al.,
1993] express high-affinity nuclear binding sites
for 17b-Estradiol. It was shown that estrogen
stimulates the formation of gap junctions as in
the ovary [Merk et al., 1978] and in the myome-
trium [Dahl and Berger, 1978]. However, the

mechanisms by which sex hormones exert their
effects on bone are still unclear.

It is known that estrogen plays a major role
in bone remodeling processes. This is due to
alteration in cellular function of the osteoblas-
tic and the osteoclastic cells’ differentiation and
function [Manolagas and Jilka, 1994]. In view
of the fact that estrogen was shown to affect
intracellular communication in non-skeletal or-
gans [Merk et al., 1978; Dahl and Berger, 1978],
it may be suggested that estrogen exerts an
effect on skeletal tissue via a similar mecha-
nism. The communication via gap-junctions be-
tween bone forming cells, osteoblasts, is a pos-
sible mechanism in transferring quick signals
in response to hormonal triggering. Intracellu-
lar communication is mediated via the gap junc-
tion complexes consisting of clusters of trans-
membrane channels that mediate intercellular
exchange of regulatory ions and small mol-
ecules. These channels are composed of pairs of
protein subunits, connexins (Cx). Morphologi-
cal studies have shown that gap junction chan-
nels, which span the transmembrane space,
exist between bone cells [Doty, 1981; Shen et
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al., 1986]. Osteoblast-like cells were found to
express connexin-43 (Cx43) and connexin-45
(Cx45) out of the 12 connexin types that were so
far identified [Civitelli et al., 1993; Steinberg et
al., 1994]. Gap-junctions were shown to be regu-
lated by second messengers such as Ca12 [Rose
and Loewenstein, 1975] or cAMP [Saez et al.,
1986; De Mello, 1988] through connexin phos-
phorylation [Saez et al., 1986; Swenson et al.,
1990; Somogyi et al., 1989]. In addition, it was
shown that pH could modulate the intercellular
communication [Turin and Warner, 1977].

In the present work, we used primary cal-
varia and marrow-stromal derived osteoblastic
cells to investigate the effect of estrogen deriva-
tives on the inter-cellular communication via
gap-junctions. These osteoblastic cells were
originated and located at various anatomical
sites of the skeleton. The calvarial osteoblasts
were characterized by their response to PTH
and their alkaline phosphatase level [Massas et
al., 1993] as well as their membrane potential
properties [Bingmann et al., 1988; Tetsch et al.,
1989; Massas et al., 1990]. The marrow stromal
osteoblasts were studied using the MBA-15 cell
line. These cells have been studied for their
osteogenic properties in vitro and in vivo. The
growth, biochemical properties, mRNA expres-
sion, and cell attachment levels of MBA-15 to
various matrix proteins, were previously de-
scribed [Benayahu et al., 1989, 1991, 1994a,b,c,
1995a,b]. The osteogenic potential of MBA-15
cells to form bone tissue in vivo was demon-
strated by employing diffusion chambers
[Benayahu et al., 1989] or by implanting these
cells at ectopic sites [Benayahu et al., 1994a].
Herein, we focused on identifying the short-
term modulation of intracellular Ca12 and gap-
junction communication following estrogen-
derivatives treatment in vitro on these cell
types.

MATERIALS AND METHODS
Cell Tissue Culture

Primary cultures of calvaria-derived cells
were harvested from newborn rats (from Tel
Aviv University under the animal welfare assur-
ance no. A501001). The cells were prepared by
an isolation technique based on the ability of
bone cells to migrate from bone tissue onto
glass.As previously described [Jones and Boyde,
1977], stripped parietal bones were fragmented
and transferred onto glass cover slips (either 22
x 22 or 10.5 x 22 mm), which were placed in a

35-mm petri dish (Falcon, New Jersey) contain-
ing 2 ml of Minimum Essential Medium (MEM)
(Biological Industries, Bet-Haemek, Israel)
supplemented with 10% fetal calf serum (FCS)
(Biological Industries). After 5 to 7 days the
bone fragments were surrounded by an ex-
tended outgrowth zone of cells. At this phase of
growth, the cells were in contact with each
other but did not reach a complete confluent
state. Bone marrow-derived stromal osteoblas-
tic cell line, MBA-15 [Benayahu et al., 1989],
was seeded on tissue culture plates in a high
glucose Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% FCS.

Stock cultures were incubated at 37°C in a
humidified atmosphere of 10% CO2 in air. The
cell culture medium was replaced every 3 days.
For experiments, the cells were investigated for
their response to hormones when they were in
contact with each other, but did not reach com-
plete confluence.

Inducers Used in Vitro

The estrogen derivatives used—17a-estra-
diol, 17b-estradiol, b-estradiol-6-(O-carboxy-
methyl) oxime (estradiol-CMO), and Tamoxifen
(Sigma, St. Louis, MO)—were prepared by dis-
solving in ethanol and the stock was kept at
-20°C. The final concentration of ethanol never
exceeded 0.01%. This ethanol concentration was
without effect on intracellular calcium concen-
tration. 12-O-tetradecanoylphorbol-13-acetate
(TPA) (Sigma) was dissolved in distilled water.

Measurement of Cytoplasmic Free Ca12

Cytoplasm free Ca12 was monitored using
the calcium-sensitive fluorescent probe,
Fura2-AM [Grynkiewicz et al., 1985]. Cells on a
cover glass were loaded with 2 µM Fura2-AM
(Molecular Probes, Inc., Eugene, OR) for 30 min
at 37°C. The cells were washed twice in a 4-(2-
hydroxyethl)-1-piperazineethanesulfonic acid
(Hepes) buffer containing NaCl 145 mM; KCl 5
mM; CaCl2 2 mM; MgCl2 1 mM; glucose 10 mM;
Hepes 10 mM, pH 7.3. The measurement was
carried out in a 10 x 10 mm rectangular cuvette
that contained a triangular adaptor to which a
monolayer of bone cells grown on a coverglass
(10.5 x 22 mm) was introduced. Ratio mode
fluorescence of Fura2-AM (excitation 340 and
380 nm; emission 510 nm; slits 4 nm) was
monitored by a SLM 8000 spectrofluorimeter
and data was recorded and analyzed on a PC.
Fluorescence background, under the conditions
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of Fura2-AM experiments, was less than 5%.
Calibration of the Fura2-AM signal was per-
formed by methods described for Quin-2. Briefly,
the cells were lysed with digitonin (25 µg/ml) to
obtain maximum fluorescence. Next, 10 mM
EGTA and NaOH, sufficient to elevate the pH to
8.5, were added to obtain the minimum fluores-
cence. Calculation of Ca12 was performed as
described by Grynkiewicz et al. [Grynkiewicz et
al., 1985].

Measurement of Intercellular Communication

The intercellular communication via gap junc-
tions was measured by a method based on the
microinjection of a fluorescent dye, Lucifer Yel-
low CH (Sigma) into a single cell in a cell
monolayer by a conventional micropipette (non
polished). Micropipettes were filled at their tips
with 4% (w/v) aqueous Lucifer Yellow CH [Stew-
art, 1978]. The cultured cells grown on the
coverslip (22 x 22 mm) were transferred to the
experimental chamber and perfused with 4-(2-
hydroxyethl)-1-piperazineethanesulfonic acid
(Hepes) buffer containing NaCl 145 mM; KCl 5
mM; CaCl2 2 mM; MgCl2 1 mM; glucose 10 mM;
Hepes 10 mM, pH 7.3. After cell impalement by
a microelectrode, hyperpolarizing pulses (20
nA) were applied for 20 s in order to eject the
dye from the pipette into the cell. Spreading of
the dye from the impaled cell into its neighbor-
ing cells was assayed, under epifluorescence
illumination, by counting the number of fluores-
cent cells coupled to the microinjected cell within
2 min following the voltage pulses. The results
are given in terms of mean 6 SEM (n indicates
the number of independent microinjection ex-
periments).

Statistical Analysis

The data were summarized as standard error
of the mean (S.E.M), after being analyzed using
double-sided t-test to study the significance of
the differences in the number of coupled cells.

RESULTS
Effect of Estrogen on Intracellular Calcium Levels

The basal level of intracellular calcium con-
centration measured 135 6 8 nM (n 5 21) in
primary calvaria cells (Fig. 1A,B) and ranged
between 154 and 134 6 12 nM (n 5 21) in
MBA-15 cells (Fig. 1C,D). Following the expo-
sure of the primary calvaria cells to 100pM
17(b-estradiol, the level of [Ca12]i increased to

235 6 6 nM (n 5 18), after a lag period of 25 6

3 s (n 5 21) (Fig. 1A)). Similar exposure of
MBA-15 cells resulted in, after a lag time of
20 6 2 s, an increased [Ca12]i to 282 6 8 nM
(n 5 16) (Fig. 1C). [Ca12]i dropped rapidly after
approximately 80 s to a constant level of 172 6

6 nM (n 5 18) in the primary cells. In MBA-15
cells, [Ca12]i decreased after about 70 s to a
level of 216 6 8 nM (n 5 16). For both cell
types, the final [Ca12]i levels were higher than
their initial basal levels (P , 0.05). The addi-
tion of 17b-esradiol was without effect at concen-
trations below 1 pM or above 1 nM (data not
shown). However, between these two concentra-
tion, the intracellular calcium concentration
possessed a bell-shaped dependence on estra-
diol concentration, with maximal activity at
100 pM 17b-estradiol for both cell types (Fig. 2).

Estradiol-CMO induced increased [Ca12]i af-
ter a lag time of 15 6 3 s in both cell types (Fig.
1B,D). The level of [Ca12]i increase, following
estradiol-CMO (Fig. 1B,D), was lower then the
effect of 17b-Estradiol (Fig. 1A,C) in both cell
types. The dose response of [Ca12]i to estradiol-
CMO shows maximal activity at 1 nM for both
cells (Fig. 2). The increased levels of [Ca12]i

achieved after exposure to serial dilution of
estradiol-CMO, was lower than when exposed
to the same concentration range of 17b-estra-
diol (Fig. 2). From these results it also seems
that 17b-estradiol is tenfold more potent than
estradiol-CMO. 17a-estradiol had no effect on
the level of [Ca12]i basal at the concentration
range of 10 µM to 10 M (Fig. 2).

When cells were preincubated for 45 min
with the antiestrogen tamoxifen at two concen-
trations, 10 nM and 1 µM, followed by the
addition of 100 pM 17b-estradiol, there was no
modification of the basal [Ca12]i and no inhibi-
tion of the effects of 17b-estradiol on intracellu-
lar calcium.

Effect of Estrogen on Cell-to-Cell Communication

Primary calvaria cells and MBA-15 stromal
osteoblastic cells were incubated with 100 pM
17a-estradiol, 100 pM 17b-estradiol, 1 nM estra-
diol-CMO, and 10 nM tamoxifen for different
periods of time. Microinjection of the Lucifer
Yellow (LY) into a single cell of the primary
calvarial monolayer of cells resulted in 35 6 4
(n 5 56) neighboring coupled cells within 2 min
after dye injection (Fig. 3A). The MBA-15 cells
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possessed 32 6 3 (n 5 61) neighboring coupled
cells (Fig. 3B). Ten minutes after incubation
with 17b-estradiol (100 pM) the number of
coupled cells dropped down to 22 6 3 cells in
primary calvaria cells (Fig. 3A) and to 30 6 4
coupled cells in the MBA-15 cells (Fig. 3B).
Nearly full uncoupling was observed after 30
min in primary calvaria cells (Fig. 3A) and after
40 min in the MBA-15 cells (Fig. 3B). However,
the uncoupling effect started to decrease after
50 min and extensive coupling was achieved
after 70 min in both cultures. In primary cal-
varial cells, the coupling level was 90% relative
to the initial coupling level and MBA-15 cells
reached only 60% of their initial coupling in the
same time period.

Incubation with estradiol-CMO caused a
steeper decrease of coupling in primary cal-
varial cells (Fig. 3A), whereas the MBA-15 cells
showed a slower decrease of uncoupling (Fig.
3B). Full uncoupling was seen in primary cul-
tures after 20 min (Fig. 3A) and in MBA-15

after 30 min (Fig. 3B). The uncoupling effect
lasted for only 10 min in both cultures, before
cells regained their coupling after 70 min. Con-
centrations higher than 100 pM and 1 nM for
17b-estradiol and 1 nM estradiol-CMO, respec-
tively, had no effect on intercellular coupling.
Additionally, 17a-estradiol and the antiestro-
gen, tamoxifen, had no effect on the number of
coupled cells (Fig. 3).

In order to understand the underlying mech-
anism of estrogen effect on cell-cell coupling,
and based on the proposed idea that activation
of PKC is involved in the coupling process in
different cell types, we examined the hormonal
stimulation in the presence of 50 nM TPA.
Incubation of primary calvaria cells with TPA
led to cell uncoupling after 40–60 min. In this
case, the cells started to regain intercellular
coupling (11 6 4 coupled cells) after 2 h. The
incubation of cells with estrogen (17b-estradiol
or E-CMO derivatives) in the presence of TPA
led to a more rapid (5–15 min) uncoupling as

Fig. 1. Intracellular calcium levels in confluent osteoblasts were measured in cultured cells. A,B: Primary calvarial
bone cells. C,D: MBA-15 marrow stromal osteoblasts. Cell response to 100 pM 17b-estradiol (A,C) or 1 nM
estradiol-CMO (B,D) was measured by quick changes of [Ca12]i in s. There was an increase in [Ca12]i levels that was
then lowered.
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compared with the uncoupling process follow-
ing incubation with TPA alone (40–60 min) and
that observed upon exposure with either of
these compounds (Table I). However, a long
exposure (overnight) to TPA caused full restora-
tion of cell coupling. At this stage, an addition of
dose of TPA or 17b-estradiol was ineffective.

DISCUSSION

The osteoblastic cellular responses to estro-
gen derivatives were measured by a fast rise in
the free intracellular calcium concentration.
Similar results were previously reported for
primary calvarial bone cells [Lieberherr et al.,
1993]. Here we were able to also demonstrate

the response by MBA-15 cells. The effect of
17b-estradiol is highly stereospecific since 17a-
estradiol has no effect on these osteoblastic
cells. Previously we were able to demonstrate
nuclear receptor binding of 17b-estradiol in
MBA-15 cells by in situ hybridization and by
receptor binding assay, as well as, functional
modulation of these cells in vitro [Shamay et
al., 1996]. The MBA-15 cells’ growth was inhib-
ited by 50% in the presence of 17b-estradiol
compared to cells that grew in basal medium
without the hormone. An inhibiting effect of
estrogen on cell proliferation was also moni-
tored in UMR-106 cells [Gray et al., 1987, 1989].
However, these results were in contrast to the

Fig. 2. Dose-dependent effects of estrogen derivatives on [Ca12]i in both (A) primary calvaria cells and (B) marrow
stromal MBA-15 osteoblasts cells were determined by incubation with various concentrations 1026 to 10212 of
17b-estradiol, estradiol-CMO, 17a-estradiol, and tamoxifene. The elevation of intercellular [Ca12]i was achieved in a
dose-dependent concentration. Values are given as a mean 6 SEM of 24 cells for each steroid.
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effect of estrogen on SaOS-2 human osteosar-
coma cell proliferation [Slootweg et al., 1992]
and on immortalized clonal rat osteoblastic
lines, RCT-1 and RCT-3 [Ernst et al., 1989].
Functional modulation of the estrogen effects
on enzymatic activities of CD10/NEP and alka-
line-phosphatase was studied in the MBA-15
cells. Both are enzymes that are associated
with osteoblastic cells [Indig et al., 1990] and
were shown to be upregulated under estrogen
treatment in a dose-dependent manner [Sha-
may et al., 1996] similarly to the increased
ALK-P activity in UMR-106 cells [Gray et al.,
1987]. Other studies have shown effects on other
osteoblastic functions such as an increase in
the expression of mRNA for type I procollagen
and elevated production of IGF binding protein
[Ernst et al., 1989; Schmid et al., 1989]. In
SaOS-2 human osteosarcoma cells, the estro-
gen treatment decreased PTH-stimulated ad-

enylate cyclase activity [Fukayama and
Tashjian, 1989]. The variation in the cells’ re-
sponse depends on their origin and location in
vivo, as well as on their stage of differentiation.

In this study, we further characterize the
cells’ responses to estrogen by fast changes in
intracellular calcium. The stereospecificity of
these responses seems to suggest the involve-
ment of receptors at the membrane level in
transducing the estrogen’s effect, rather than
the participation of the established nuclear re-
ceptors in the process. The existence of estro-
gen membrane receptor was demonstrated on
various types of cells [Pappas et al., 1994, 1995].
This is further supported by the ineffectiveness
of tamoxifen, which competes with 17b-estra-
diol or estradiol-CMO for nuclear receptors
[Ernst et al., 1988], in abolishing the estrogen-
induced elevation of intracellular calcium or its
uncoupling effect. It has been shown that other

Fig. 3. Time-dependent effects of estrogen derivatives on gap-
junction communication between (A) calvaria cells and (B)
MBA-15 osteoblastic cell line. Cells were preincubated with
different steroids (10210M 17b-estradiol, 1029M estradiol-
CMO, 10210M 17a-estradiol) and with an antiestrogen (1028M

tamoxifen) for periods of 5 to 70 min. Following each preincuba-
tion, the intercellular coupling was determined, and the results
are expressed as mean 6 SEM of 55–65 microinjections for each
steroid (*P , 0.001 relative to the basal level).
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steroids (like calcitriol, the hormonally active
form of vitamin D) and estrogens increase intra-
cellular calcium concentration in osteoblasts
[Lieberherr et al., 1993; Civitelli et al., 1990]
and in other cell types [Lieberherr et al., 1989;
Bourdeau et al., 1990; Wali et al., 1990]. The
17b-estradiol-induced elevation of [Ca12]i shows
a bell-shaped dependence, with maximal activ-
ity at 100 pM. This bell-shaped profile has also
been found for the genomic action of 17b-
estradiol on osteoblasts [Ernst et al., 1988]. A
similar effect was found for non-genomic re-
sponse of calcitriol in different cell types [Lieber-
herr et al., 1989; Bourdeau et al., 1990]. The
elevation of intracellular [Ca12]i by 17b-estra-
diol occurs through Ca12 influx from the extra-
cellular milieu and mobilization of Ca12 from
the endoplasm reticulum in the cells. This is
based on the finding that estrogens cause alter-
ations of membrane phospholipid turnover in
osteoblsats by formation of inositol 1,4,5-tris-
phosphate (IP3) with the consequent released
Ca12 from intracellular pools and formation of
diacylglycerol (DAG) with successive activation
of protein kinase C (PKC) [Lieberherr et al.,
1993; Migliaccio et al., 1993]. This PKC activa-
tion was shown to lead to an inhibition of inter-
cellular communication [Enomoto and Yama-
saki, 1985; Gainer and Murray, 1985]. We
further examined the effect of estrogens on
cell-cell communication. Indeed, incubation of
primary calvarial cells and MBA-15 osteoblas-
tic cell line with estrogens caused a gradual
time-dependent decrease of inter-cellular com-
munication. Full uncoupling was reached after

20–40 min followed by recovery of coupling
within an additional 40 min. The simultaneous
exposure of bone cells to TPA and estrogen
caused uncoupling within a shorter time pe-
riod. It was suggested that uncoupling pro-
ceeded through the activation of PKC following
preincubating the cells with TPA [Chida et al.,
1986]. The rapid inhibition of gap junction per-
meability, in the combined presence of TPA and
estrogen, may be correlated with a faster trans-
location of PKC from cytosolic to membrane
compartments with concomitant phosphoryla-
tion of the gap-junction proteins. The swift re-
coupling stage, following uncoupling, may be
attributed either to a fast PKC down-regulation
or to the increase of phosphatase activity, or
both.

Estrogen is believed to play an important role
in bone metabolism and bone mass levels in the
adult life, by maintaining a balance between
osteoblastic and osteoclastic activity. When es-
trogen is deficient, there is evidence for an
increase in activation frequency of bone remod-
eling and an increase in resorption that leads to
an imbalance in bone formation. This may be
due to the modulation of metabolic cooperativ-
ity in bone cells, which provides a coordinated
regulation of bone formation. The present study
suggests that the modulation of gap junction
communication and intracellular [Ca12]i levels
by estrogens provides an additional pathway
for the effect of sex hormones that may regulate
the proliferation and function of osteoblastic
cells via membrane receptors.

TABLE I. Estrogen Effect on Osteoblast Cell Coupling*

Primary calvarial cells
Marrow stromal,

MBA-15

Control
Basal medium Coupled Coupled

Group A
17b-estradiol (100 pM) Uncoupled (30 min) Uncoupled (40 min)
Estradiol-CMO (1 nM) Uncoupled (20–30 min) Uncoupled (30–40 min)
TPA (50 nM) Uncoupled (40–60 min) Uncoupled (60–65 min)

Group B
TPA (50 nM) 1 17b-estradiol (100 pM) Uncoupled (10–15 min) Uncoupled (5–10 min)
TPA (50 nM) 1 estradiol-CMO (1 nM) Uncoupled (10–15 min) Uncoupled (5–10 min)
TPA (50 nM) 1 17a-estradiol (100 pM) Uncoupled (40–60 min) Uncoupled (60–70 min)
TPA (50 nM) 1 tamoxifen (1 nM) Uncoupled (40–60 min) Uncoupled (60–70 min)

*Measurement of number of cells coupling following their exposure. Control group are cells in basal medium. The number of
coupled primary calvarial cells was (35 6 6); the number of marrow stromal, MBA-15 cells was (32 6 6). Time for coupling
measurement was 2 min following microinjection. Group A, determines the uncoupling time of exposured cells to various
hormones as detailed; Group B, combined exposure to 50 nM TPA and the different hormones.
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