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Abstract
Wehave examined cell coupling and expression of gap junction
proteins in monolayer cultures of cells derived from human
bone marrow stromal cells (BMC) and trabecular bone osteo-
blasts (HOB), and in the human osteogenic sarcoma cell line,
SaOS-2. Both HOBand BMCcells were functionally coupled,
since microinjection of Lucifer yellow resulted in dye transfer to
neighboring cells, with averages of 3.4±2.8 (n = 131) and
8.1±9.3 (n = 51) coupled cells per injection, respectively. In
contrast, little diffusion of Lucifer yellow was observed in
SaOS-2 monolayers (1.4±1.8 coupled cells per injection, n
= 100). Dye diffusion was inhibited by octanol (3.8 mM), an
inhibitor of gap junctional communication. All of the osteoblas-
tic cells expressed mRNAfor connexin43 and connexin45, but
not for connexins 26, 32, 37, 40, or 46. Whereas all of the
osteoblastic cells expressed similar quantities of mRNAfor
connexin43, the poorly coupled SaOS-2 cells produced signifi-
cantly less Cx43 protein than either HOBor BMC, as assessed
by immunofluorescence and immunoprecipitation. Conversely,
more Cx45 mRNAwas expressed by SaOS-2 cells than by
HOBor BMC. Thus, intercellular coupling in normal and
transformed human osteoblastic cells correlates with the level
of expression of Cx434 which appears to mediate intercellular
communication in these cells. Gap junctional communication
may serve as a means by which osteoblasts can work in
synchrony and propagate locally generated signals throughout
the skeletal tissue. (J. Clin. Invest. 1993. 91:1888-1896.) Key
words: gap junctions * connexins * osteoblasts * dye-coupling-
cell-cell communication

Introduction
Bone remodeling is the result of a complex and coordinated
series of events occurring in the skeletal tissue. These processes
include sequential degradation of bone matrix and dissolution
of the mineral phase (bone resorption), followed by deposition
of new bone matrix and mineralization (bone formation) (1,
2). This organized pattern of events requires a coordinated
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action by the cells of bone: osteoblasts, osteoclasts, and osteo-
cytes (3). Cells of the osteoblastic lineage are pivotal to bone
remodeling, since most, if not all, chemical, mechanical, and
probably electrical stimuli are processed by these cells. Not
only are the osteoblasts directly involved in bone formation,
but they also function as transmitters of bone resorptive signals
to the osteoclast (4). In fact osteoblasts, rather than osteoclasts,
express receptors for hormones with bone resorptive activity,
such as parathyroid hormone, parathyroid hormone-related
peptide, and 1,25-dihydroxy-cholecalciferol (5-7).

This coordinated activity amongbone cells implies the exis-
tence of intercellular communication, but its mechanisms are
not well characterized. Intercellular communication may oc-
cur via secretion of soluble factors, direct cell-cell contact
through cell adhesion/recognition molecules, or by metabolic
and electric coupling through gap junctions. There is evidence
that osteoblastic cells secrete soluble factors when they are stim-
ulated by hormones or cytokines, and that these factors may
transmit the resorptive signal from osteoblasts to osteoclasts
(8-12). However, no specific factor has been isolated or char-
acterized to date. In contrast, the presence of gap junctions
between osteoblasts has been documented morphologically in
sections of normal bone (13-15), and in rat calvaria cells in
culture (16). These gap junctions have been observed between
adjacent osteoblasts, osteoblasts and periosteal fibroblasts, and
osteoblasts and osteocytic processes in sections of normal bone
(13-15). Recently, the gap junction protein connexin43
(Cx43)' has been identified in normal and transformed rat
osteoblastic cells (17, 18).

In the present study, we have characterized gap junction
communication in human bone-derived osteoblastic cells and
in a human osteogenic sarcoma cell line. Wefound that Cx43,
originally identified from rat heart, appears to be the protein
that mediates gap junction communication in human osteo-
blastic cells. Another gap junction protein, Cx45, was identi-
fied in these cells, but its expression does not correlate with dye
coupling.

Methods
Reagents and chemicals
Lucifer yellow was purchased from Molecular Probes (Eugene, OR).
The stock was dissolved in distilled, deionized water, to a 10-mM con-
centration, and stored at -200C in the dark. [35SItrans-S was obtained
from ICN Biomedicals (Boston, MA). Polyclonal rabbit antiserum
directed against connexin43 was produced by immunizing rabbits with
a synthetic peptide (252-271 fragment of rat connexin43) (19). Rab-
bit polyclonal antiserum against Cx45 was similarly generated using an
oligopeptide corresponding to amino acids 285-298 of dog Cx45 (20).

1. Abbreviations used in this paper: BMC, bone marrow osteogenic
stromal cells; Cx, connexin; HOB, human trabecular osteoblasts.
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All other chemicals and the tissue culture media were from Sigma
Chemical Co. (St. Louis, MO), unless otherwise indicated. Octanol, an
inhibitor of gap junction communication, was used to confirm that dye
transfer was mediated by gap junctions. Octanol dilutions were pre-
pared fresh, before use, following a procedure described by Musil et al.
(21 ). Briefly, 20 ul of a 1:4 solution of octanol in ethanol were added to
10 ml of culture medium (see below) at 370C, and vortexed vigorously
for 2 min to ensure proper dissolution. This procedure yields final
concentrations of 3.8 mMoctanol, and 0. 15% ethanol.

Cell cultures
Human trabecular osteoblasts (HOB). Cells derived from human tra-
becular bone are felt to represent the differentiated osteoblasts that line
bone surfaces (3). HOBwere prepared according to the method of
Gehron-Robey and Termine (22), with modifications (23). The tra-
becular bone obtained from human specimens as described above was
minced and washed several times in DME/Ham's F-12 (1:1). The
bone chips thus obtained were incubated with type IV collagenase
(Sigma Chemical Co.) for 90 min at 370C to release cells from the bone
surfaces. The released cells were then seeded on plastic flasks, and cul-
tured in the same medium, supplemented with 10% FCS, 100 Ag/ml
streptomycin, and 100 U/ ml penicillin. The bone chips were washed in
serum-containing medium to inhibit collagenase activity, and cultured
separately using the same medium used for the collagenase-released
cells. After a few days, cells migrated from within the bone particles and
began to multiply; and within 3-4 wk they reached confluence. Thereaf-
ter, both collagenase-released cells and those outgrown from the bone
chips were released with trypsin-EDTA (0.05-0.02%, respectively,
Sigma Chemical Co.), counted, and subcultured in medium contain-
ing 10% FBS.

HOB are large cells that possess several cytoplasmic processes
which typically extend up to 50-60 um (Fig. 1 A). These processes
allow cell-cell contact at a distance from the cell body. As demon-
strated in Fig. 1 A, HOBstain for alkaline phosphatase. Although most
cells show specific staining, not all cells show the same degree of stain-
ing. This variability may reflect the heterogeneity within the popula-
tion of osteoblastic cells. HOBproduce osteocalcin both constitutively
and under stimulation with 1,25(OH)2D3 (23). These features are
characteristics of a differentiated osteoblastic phenotype (3).

Bone marrow osteogenic stromal cells (BMC). BMCare derived
from human bone marrow, and are believed to represent less differen-
tiated osteoblast precursors (24). BMCwere isolated and cultured us-
ing a modification of the methods described by Ashton et al. (25), and
Long et al. (26). Surgical specimens of ribs were obtained from volun-
tary donors undergoing chest surgery for various medical problems.
The bone explants were split longitudinally and the bone marrow was
collected by gently vortexing in serum-free DME/Ham's F-12 ( 1:1 ).
The extract was mixed with an equal part of aMEM, and the mixture
layered onto a discontinuous Ficoll-hypaque gradient. The mononu-
clear cell population was recovered from the upper level interface be-
tween the medium and the higher density Ficoll-hypaque, washed
twice in aMEM,resuspended in the same medium, and seeded in tissue
culture flasks or onto glass coverslips. The cultures were incubated in
aMEM, supplemented with 5% heat-inactivated FCS, and 100 gg/ml
streptomycin and 100 U/ml penicillin.

As evident in Fig. 1 B, only a small number of BMCcells exhibit
alkaline phosphatase staining, suggestive of a less differentiated pheno-
type. Further differentiation of stromal cells toward an osteoblastic
phenotype can be induced by incubation with dexamethasone (24).
Therefore, some BMCcultures were incubated in l0-7 Mdexametha-
sone for at least 7 d. At this time the cells appear larger and more
flattened, and possess numerous short cytoplasmic processes. These
morphologic features resemble those of the more differentiated trabecu-
lar bone-derived cells (see above). In addition, cells incubated with
dexamethasone also express higher levels of alkaline phosphatase (Fig.

I C), and produce greater amounts of osteocalcin, both constitutively

B

Figure 1. Phase contrast micrograph of alkaline phosphatase-stained
human osteoblasts (HOB, A), bone marrow stromal cells (BMC)
after a 7-d incubation without (B), or with 10-7M dexamethasone (C).

and under stimulation, than stromal cells grown in the absence of dexa-
methasone (24).

Osteogenic sarcoma cells. The clonal cell line SaOS-2 was obtained
from the American Type Culture Collection (Rockville, MD). These
cells are derived from a human osteogenic sarcoma, and characterized
as having an osteoblastic phenotype (27, 28). They were maintained
in DME/Ham's F-12 (1:1), supplemented with 10% FBS, as de-
scribed (29).

Dye coupling
Gap junction communication was studied by intercellular diffusion of
Lucifer yellow (30). Cells were subcultured on glass coverslips (3 1-mm
diameter), and grown to 80% confluence. The coverslips were
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mounted on a thermostatted tissue chamber (Biophysica Technology,
Baltimore, MD), covered with growth medium, and placed on the
stage of an inverted epifluorescence microscope (Diaphot; Nikon, Gar-
den City, NY), immediately before the microinjections. Borosilicate
glass capillaries (outer diameter 1.2 mm), with an internal glass fiber
(Omega Dot; Stoelting Co., WoodDale, IL) were used to pull micropi-
pettes. Lucifer yellow (10 mM)was introduced into the capillaries by
backfilling. Individual cells (six to eight per coverslip) were selected
from within confluent areas, and microinjected (1,100-1,200 hPa for
0.3 s) using a Zeiss-Eppendorf microinjector-micromanipulator (type
5242; Eppendorf, Hamburg, Germany), attached to the microscope
stage. The volume of injected material did not cause any morphologi-
cal changes of microinjected cells, as detected by light microscopy with
phase contrast.

Lucifer yellow was excited using a microspectrofluorometric sys-
tem (CMl 1 II; Spex Industries, Edison, NJ), whose monochromator
was set at 435 nm. The excitation light was directed to the cell cultures
by a dichroic mirror with 455-nm cut-offwavelength. The light emitted
by Lucifer yellow was filtered through a 460-nm barrier filter, with
10-nm bandpass (BV-lA assembly cube; Nikon). Lucifer yellow-
emitted fluorescence was monitored using a low light silicon intensified
target camera (SIT-66; Dage MTI, Michigan City, IN) connected to the
lateral port of the microscope. Fluorescence images were displayed on a
monitor, and recorded onto videotapes. Before the microinjection, a
snapshot of the selected field under phase contrast illumination was
also recorded. To avoid photobleaching of Lucifer yellow, the excita-
tion light was directed to the sample only for a few seconds at different
times during the experiment. The number of cells adjacent to each
injection site exhibiting fluorescence 3-5 min after the injection was
recorded. In some experiments, photographic images were taken by
replacing the video camera with a photographic camera. Results ob-
tained in a number of separate coverslips for each cell type and condi-
tion, were pooled. Quantitative analysis of cell coupling was performed
by calculating the frequency distribution of the number of cells coupled
to each single cell microinjected with Lucifer yellow, and normalizing
the results to 100%.

RNAblots
RNAblots were performed as previously described (19). Cells were
grown to confluence in 100-mm plastic dishes, and total cellular RNA
was isolated using guanidinium isothiocyanate (31). Samples (10Ig/
lane) were separated on formaldehyde agarose gels and transferred to
nylon membranes. The membranes were hybridized (0.75 Msodium
phosphate, 1.0% SDS, 100 ug/ml salmon sperm DNA, 65°C) and
washed under high stringency conditions (30 mMsodium phosphate,
1.0% SDS, 65°C). The following 32P-labeled cDNAprobes were used:
rat connexin26 (32), connexin32 (33), connexin37 (34), connexin40
(35), connexin43 (36), connexin45 (20), and connexin46 (37). A
cDNA for human fibroblast y-actin was a gift of Dr. Stanley Kors-
meyer, Washington University, St. Louis.

Immunoprecipitation of connexin43
Cells were cultured on 100-mm tissue culture plates to 75-85% con-
fluence, incubated in methionine-free medium for 30 min, and meta-
bolically labeled with 300-,uCi/plate [35S]trans-S (ICN Biomedicals)
for 6 h. Cells were then washed and solubilized in 150 mMNaCl, 1%
Triton X-100, 0.5% deoxycholate, 0.1% SDS, 0.5% BSA, 50 mMTris
pH 8. Radioactivity was measured in a 5-,ul aliquot of each solubilized
cell sample, and appropriate dilutions were made to achieve a uniform
concentration of radiolabeled proteins before the samples were im-
munoprecipitated. Samples were vortexed, incubated 5 min at room
temperature, vortexed again, and centrifuged at 12,000 rpm for 5 min
at 4°C. Supernatants containing solubilized proteins were divided into
aliquots and incubated overnight with either preimmune or anticon-
nexin43 immune serum at 4°C. The immune complexes were precipi-
tated using protein A-Sepharose (Sigma Chemical Co.), and boiled in
Laemmli sample buffer for 10 min. Proteins were separated by electro-

phoresis on 10% polyacrylamide gels with Promega Corp. (Madison,
WI) mid-molecular weight protein standards. Gels were stained with
Coomassie blue R-250, dried, and exposed to XAR-5 radiographic
film.

Immunofluorescence
Cells grown on glass coverslips were fixed in methanol/acetone ( 1:1 )
for 2 min at room temperature, washed, and incubated in PBScontain-
ing 2%heat-inactivated goat serum and 1% Triton X-100 for 10 min.
The samples were incubated with a 1:200 dilution of either preimmune
serum or anticonnexin serum for 45 min at room temperature. After
three washes in PBS, a 1:500 dilution of rhodamine-conjugated goat
anti-rabbit IgG (Boehringer Mannheim Biochemicals, Indianapolis,
IN) was added for 45 min at room temperature. The coverslips were
washed twice in PBS, mounted on glass slides with glycerol/PBS (90/
10), and sealed with nail polish. The epifluorescence photomicro-

graphs were taken with a Zeiss Axioskop microscope.

Results

Dye coupling in human osteoblasts. Diffusion of Lucifer yellow
between osteoblastic cells was used to assess gap junctional
communication. As illustrated in Fig. 2, both HOBand BMC
demonstrated a high degree of cell coupling, whereas the osteo-
genic sarcoma SaOS-2 cells were poorly coupled. Dye diffusion
primarily occurred between two cell bodies, although occasion-
ally the area of contact between two cells was small, suggestive
of contact via a cytoplasmic process.

A quantitative analysis of cell coupling in HOB, SaOS-2,
BMC, and in BMCcultures treated with dexamethasone is
shown in Fig. 3. About 80% of the HOBwere found to be
functionally coupled to other cells, with an average of 3.4±2.8
(n = 131 ), and a rather wide scatter of the frequency distribu-
tion. Despite the high degree of coupling observed in some
HOB(dye diffusion to > 10 cells from a single cell), - 20%of
the HOBwere not coupled. This variability was not dependent
on the cell isolate or donor: variable results were obtained in
monolayers derived from the same donor.

The number of coupled cells was higher in the stromal cells
than in trabecular bone osteoblasts (Fig. 3). The average cou-
pling for BMCin resting conditions was 8.1±9.3 (n = 51 ), with
one coupled cell per injected cell as the mode. BMCgrown in
the presence of dexamethasone exhibited a narrower range and
lower average (4.9±3.7; n = 74) of coupled cells per cell, than
those observed in cultures grown in the absence of the steroid.
However, the modewas the same, and the two frequency distri-
butions were not significantly different (Kolmogorov-Smir-
nov test).

In contrast, the transformed osteogenic sarcoma SaOS-2
cells were poorly coupled. No diffusion of Lucifer yellow oc-
curred from 40% of microinjected cells, and the average cou-
pling was only 1.4±1.8 (n = 100) coupled cells per cell. In
addition, dye diffusion in the SaOS-2 line was slower than in
any other cell type. While for HOBand BMCcells the spread-
ing of Lucifer yellow was complete within 3-5 min from the
microinjection, in the transformed cell line it required at least
10-12 min to reach maximal propagation, in the cases where

diffusion occurred at all.
Effect of octanol on intercellular communication. Wenext

performed microinjections in the presence of 3.8 mMoctanol,
an inhibitor of junctional conductance (38, 39). Wefirst ana-
lyzed the time-course of octanol effect on cell coupling. As
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1.8±3.0, n = 28 for BMCgrown in the presence of dexametha-
sone.

Expression of connexin43 in human osteoblasts. To iden-
tify the proteins that mediate gap junctional communication
between osteoblasts, we asked whether any of the known
members of the connexin family of gap junction proteins was
expressed by these cells. Weisolated total cellular RNAfrom
the osteoblasts, and performed RNAblots using 32P-labeled
cDNAprobes for Cx26, Cx32, Cx37, Cx4O, Cx43, Cx45, and
Cx46. BMC, HOB, and SaOS-2, all expressed mRNAfor Cx43
and Cx45 (see below), but not for Cx26, Cx32, Cx37, Cx4O or
Cx46 (not shown).

RNAisolated from all of the human osteoblastic cells con-
tained a band that hybridized with the rat Cx43 cDNAprobe,
and this band was the same size as that of the control RNA
isolated from rat heart (Fig. 5). Although BMCand HOBwere
more highly coupled than the SaOS-2 cells, all of the osteoblas-
tic cells contained similar quantities of Cx43 RNA. To confirm
the integrity of the mRNApresent on these blots, membranes
were reported with an action cDNAprobe; actin bands of simi-
lar density were detected in each sample (data not shown).

The expression of Cx43 protein in the normal and trans-
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Figure 2. Diffusion of Lucifer yellow between human trabecular os-
teoblasts (HOB; A), stromal bone marrow cells (BMC; B), and
SaOS-2 cells (C). Cells grown on glass coverslips were microinjected
with Lucifer yellow, and observed under fluorescence illumination
(435-nm excitation, 455-465-nm emission). Micrographs were taken
5-10 min after microinjection of the dye. The cell microinjected in
each micrograph is indicated by the letter i.

illustrated in Fig. 4, the inhibitory action of the alcohol was
complete for - 25-30 min of incubation. Thereafter, the cells
progressively regained their ability to transfer dye. On this
basis, dye coupling was examined in both trabecular and bone
marrow-derived osteoblasts within 20 min of exposure to oc-
tanol. In the presence of octanol, the number of coupled cells
per injection was significantly reduced in all cases, with aver-
ages of 1.4+2.0, n = 23 for HOB; 3.7±5.0, n = 11 for BMC;and
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Figure 3. Cell coupling in human osteoblasic cells. Cells grown on
glass coverslips were prepared as described in Methods, and microin-
jected with Lucifer yellow. The number of cells coupled to each cell
microinjected was determined either 3-5 min (HOB and BMC) or
10-12 min (SaOS-2) after -microinjection. Data for each cell type
were pooled from different experiments performed in different cover-
slips (3-10 microinjections per coverslip), and were normalized to
100% to allow comparisons among groups.

Connexin43 in Osteoblasts 1891



C)u

0.

Ca
UM

a)
0

(L)

0

4-

a,

0)
.0

z

12

1 1

10

6

5

4

3

2

0

0 1 0 20 30 40 50 60

Time after octanol addition (min)

Figure 4. Time-course of octanol inhibition of cell coupling. Human
osteoblastic cells grown on glass coverslips were microinjected with
Lucifer yellow. The number of cells coupled to a single cell microin-
jected with the fluorescent probe was recorded at the different time
points. Only one microinjection per coverslip was performed in these
experiments, to ensure exact timing. Between two and five cells were
studied for each time point. Data represent the average and standard
deviations, when applicable.

formed osteoblastic cells was assessed by immunoprecipitation
after metabolic labeling with [35S] methionine. Cx43 was pre-
cipitated from all the cell types (Fig. 6). In HOBand BMC
cultures, labeled protein bands of - 40 and 42 kD were precipi-
tated with immune serum but not with preimmune serum.
These bands correspond, respectively, to nonphosphorylated
and phosphorylated forms of Cx43, as demonstrated by the
presence of only the lower molecular mass form of the protein
in phosphatase-treated samples (data not shown, and reference
21 ). A 43-kD cross-reactive band was present in precipitates
using both preimmune and immune serum. Its presence in
immunoprecipitates performed in the presence of 100 ,gg/ml
of the immunizing peptide demonstrates that this band is not a
Cx43-specific band ( 19). Treatment with dexamethasone did
not significantly affect the expression of Cx43 protein by BMC
cells (Fig. 6, right panel).
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m
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I 0n

Figure 5. Expression of connexin43 mRNAby human osteoblasts.
Total RNAwas isolated from nearly confluent cultures of BMC,
HOB, and SaOS-2 cells, and formaldehyde-agarose gels were run us-
ing 10 jig of sample for each cell type. Rat heart RNAwas used as
a control.

kD Figure 6. Expression of
55 connexin43 protein by

human osteoblasts.

40 - _ Cells were grown to
confluence in tissue cul-
ture dishes, solubilized,
and immunoprecipi-

I) tated with anti-Cx43
(j) ~~~+

8 c o serum or preimmune
0(, co co serum. In HOBand

BMCcells, Cx43 ap-
peared as two bands that migrated at 40 and 42 kD, representing
nonphosphorylated and phosphorylated forms of the protein, respec-
tively. The blot on the left panel showing HOBand SaOS-2 cells was
exposed twice as long as the blot in the right panel, showing BMCcells
incubated in the presence or in the absence of dexamethasone. P,
preimmune serum; I, immune serum.

In contrast with the equivalent expression of Cx43 mRNA
in HOB, BMC, and SaOS-2 cells, much less Cx43 protein was
detected in SaOS-2 cells than in the nontransformed osteo-
blasts (Fig. 6). In addition, there was a consistent difference in
the state of phosphorylation of Cx43: while in HOBand BMC
the major Cx43 band was of the slower mobility phosphory-
lated form of the protein, in SaOS-2 cells most of the precipi-
tated Cx43 migrated at the level of the nonphosphorylated pro-
tein.

Wealso studied the cellular distribution of connexin43 pro-
tein by immunofluorescence. Both the HOBand BMCcells
displayed a linear punctate distribution of fluorescence at the
border between adjacent cells that was not detected in cells
incubated with preimmune serum (Fig. 7). In SaOS-2 cells,
specific Cx43 staining was also seen at the plasma membrane
(Fig. 8, a and b), although it was much less abundant than in
nontransformed cells.

Expression of Cx45 in human osteoblastic cells. Under high
stringency conditions, a dog Cx45 cDNA probe hybridized
with RNAisolated from the human osteoblastic cells (Fig. 9).
In contrast to the results obtained with Cx43, the SaOS-2 cell
line expressed more Cx45 mRNAthan did HOBand BMC
cultures. The Cx45 band migrated more slowly than did the
hybridizing band detected in the control rat uterus RNA(Fig.
9), but at the same level as the hybridizing band detected in
human heart RNA (Kanter, H.L., and E.C. Beyer, unpub-
lished data).

Immunofluorescence studies using an antibody directed
against a cytoplasmic sequence of Cx45 demonstrated that in
SaOS-2 cells, Cx45 was located on the plasma membrane be-
tween adjacent cells (Fig. 8, c and d). Specific Cx45 staining
was not observed in HOB, or in BMCcultures (not shown),
consistent with the low level of Cx45 mRNAdetected in these
cells.

Discussion

This study establishes the presence of functional gap junctions
in human osteoblastic cells. The level of expression of Cx43
protein in human osteoblasts correlates with the degree of cell-
cell coupling. Therefore, these data provide strong evidence
that connexin43 is the protein that is responsible for gap junc-
tion formation and intercellular dye coupling in osteoblasts.
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I
Figure 7. Immunofluorescence staining for connexin43 in human osteoblastic cells. Human trabecular bone osteoblasts (HOB; A and B), and
bone marrow stromal cells (BMC; Cand D) were grown on glass coverslips, fixed, and incubated with either preimmune serum (A and C), or
anti-Cx43 serum (B and D), followed by rhodamine-conjugated goat anti-rabbit IgG antibody. Bar = 20 ,m.

Gap junctions form conduits between cells, thereby estab-
lishing intercellular electrical and chemical coupling. The func-
tion of gap junctions in cardiac muscle seems relatively clear,
since electrical impulses must be transmitted rapidly for the
heart to function as an effective pump. In other tissues, where
the need for electrical coupling is not evident, the physiologic
role of gap junctions is less clear.

The skeletal tissue presents several interesting features in
terms of the potential roles for gap junction proteins. The main
physiologic processes, bone resorption and formation, are en-
acted by specific but strictly cooperating cell types, osteoclasts
and osteoblasts, respectively. Close interaction between these
cell types occurs during the complex bone remodeling process,
a phenomenon called "coupling" (40). Although remarkable
efforts have been expended in the identification of potential
soluble factors that may mediate osteoblast-osteoclast cou-
pling, the possibility of direct cell-cell communication in bone
has been given little attention. A few morphologic studies are
available demonstrating the existence of gap junctions between
adjacent osteoblasts, osteoblasts and osteocytes and osteocytic
processes ( 13-15), and in cultures of rat calvaria cells ( 16).

Communication between osteoblasts and osteocytes
through cytosolic processes may be involved in skeletal growth
regulation. Since osteocytes are completely embedded within
the calcified bone, they are in an optimal position to sense and
transduce mechanical forces that are applied to the skeleton.

Gap junctions on the cytosolic process may allow the osteo-
cytes to transmit these signals to the cells on the endosteal and
periosteal surface, and therefore direct the architectural devel-
opment of the skeleton. Indeed, stretch-activated ion channels
have been identified on the plasma membrane of bone cells
(41 ), and, more recently, propagation of a Ca2" signal through
osteoblastic monolayers has been demonstrated to occur after
mechanical stimulation (42).

Gap junctional communication may also allow the osteo-
blasts lining the bone surface to work in synchrony during the
production and deposition of organic matrix and subsequent
calcification. Thus, one could speculate that osteoblasts operat-
ing within a bone remodeling unit (3, 43) may be functionally
interdependent via direct cell-cell contacts, which would pro-
vide the mechanism for a coordinated action within each single
unit. Osteoblasts are also able to establish chemical coupling
with neighboring cells in their environment at any time during
their differentiation. As demonstrated by morphologic studies
( 13-15), heterotypic coupling is possible, thus allowing the
osteoblasts to exchange signals with cells on the bone surface.

Analysis of intercellular relationships between bone cells is
difficult because of the structural complexity of this tissue.
However, the different cell models employed in this study al-
low some initial extrapolations to the possible role of gap junc-
tions in osteoblasts. These cells undergo a relatively long differ-
entiation process from osteogenic stromal cells of the bone
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Figure 8. Immunofluorescence localization of connexin43 and connexin45 in SaOS-2 cells. Adherent SaOS-2 cells were fixed and stained for
either Cx43 (A and B) or Cx45 (C and D), followed by rhodamine-conjugated goat anti-rabbit IgG secondary antibody. (A and C) preimmune
serum; (B and D) immune serum. Bar = 20 ,um.

marrow to differentiated osteoblasts lining the bone surfaces.
Subsequently, some of the osteoblasts in actively forming bone
remain embedded within the calcified tissue and become osteo-
cytes, the terminal differentiation step along the osteoblastic
lineage (3). In our studies, both the stromal BMC, probably
representing an early stage of differentiation, and the more dif-
ferentiated HOB, derived from cells residing on the bone sur-
faces, demonstrated a high degree of dye-coupling and expres-
sion of connexin43. Further differentiation of BMCby incuba-
tion with dexamethasone was not associated with significant

28S

18S -
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Figure 9. Expression of
connexin45 mRNAby
human osteoblastic
cells. Total RNAfrom
HOB, BMC, and SaOS-
2 cells was hybridized
with a 32P-labeled
cDNAprobe for Cx45,
using rat uterus RNA
as a control.

inhibition of dye-coupling and Cx43 expression. Therefore,
our data seem to indicate that the presence of functionally ac-
tive gap junctions is not dependent on any particular phase of
osteoblast differentiation. However, it is possible that gap junc-
tional conductance, and/or Cx43 production and assembly
into connexons may be differentially regulated at each stage of
differentiation, perhaps reflecting different functional require-
ments for gap junctional communication.

This work demonstrates that Cx43 is the major gap junc-
tion protein expressed by human osteoblasts, and that expres-
sion of Cx43 is correlated with the degree of cell coupling.
These results are consistent with a recent studies in rat calvaria
cells (17), and in rat osteogenic sarcoma cells (ref. 18, and
Steinberg, T. H., R. Civitelli, et al., manuscript in prepara-
tion), all pointing to Cx43 as the gap junction protein responsi-
ble for cell-cell communication between osteoblastic cells.
Connexin43 was first isolated from heart tissue (36), but it has
been later identified in a number of other cell types, including
kidney, brain, ovary, smooth muscle, and some epithelia (21,
44). The accumulated data on osteoblasts provide further evi-
dence that expression of this gap junction protein is wide-
spread.

Connexin43 mRNAand protein were also expressed by the
poorly coupled osteogenic sarcoma cells SaOS-2. Although
these cells expressed as much Cx43 mRNAas the well-coupled
nontransformed HOBand BMC, SaOS-2 expressed much less
Cx43 protein, as demonstrated by immunoprecipitation and
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immunofluorescence. Although the reason for the dissociation
between mRNAand protein expression in these cells is un-
known, the relatively low Cx43 protein expression is commen-
surate to the degree of dye-coupling exhibited by the SaOS-2
cells compared to the normal osteoblastic cells. This is perhaps
the consequence of an abnormal pattern of oncogene expres-
sion characteristic of tumoral cells, and which may inhibit the
production of gap junction proteins, as demonstrated to occur
in cells expressing v-ras or v-src (45-47). Alternatively, SaOS-
2 cells may lack an adhesion protein required for cell coupling.
The lack of Cx43 phosphorylation in the SaOScells is reminis-
cent of the findings of Musil et al. (48) in the St180 sarcoma
line. These cells appeared to be deficient in the expression of
adhesion proteins; transfection of the cells with E-cadherin re-
sulted in Cx43 phosphorylation and intercellular communica-
tion.

Interestingly, the SaOS-2 cells expressed higher amounts of
Cx45 mRNAthan did the HOBor BMC. Thus, the expression
of Cx45 inversely correlated with dye coupling in these cells, in
spite of the fact that in SaOS-2 cells Cx45 was shown by immu-
nofluorescence to be localized to the plasma membrane, in a
pattern characteristic of functional gap junctions. These obser-
vations suggest that in human osteoblastic cells Cx45 may not
be functional, at least in the conditions used for these experi-
ments. This consideration, coupled to the very low expression
of Cx45 by HOBand BMC, suggests that Cx45 does not play a
major role in cell-cell communication between human osteo-
blasts.

In summary, the present work establishes that human osteo-
blasts are functionally interconnected by gap junctions, and
that Cx43, the major gap junction protein expressed by these
cells, mediates intercellular communication in these cells. The
ability to exchange and diffuse nutrients and regulatory mole-
cules throughout the bone environment may represent an effi-
cient means of coordinating the action of a variety of cells in a
highly complex tissue.
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