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Abstract Connexin43 (Cx43) forms gap junctions that mediate intercellular communication between osteoblasts.
We have examined the effects of prostaglandin E2 (PGE2) and parathyroid hormone (PTH) on gap junctional
communication in the rat osteogenic sarcoma cells UMR 106-01. Incubation with either PGE2 or PTH rapidly (within 30
min) increased transfer of negatively charged dyes between UMR 106-01 cells. This stimulatory effect lasted for at least 4
h. Both PGE2 and PTH increased steady-state levels of Cx43 mRNA, but only after 2–4 h of incubation. Transfection with
a Cx43 gene construct linked to luciferase showed that this effect of PTH was the result of transcriptional upregulation of
Cx43 promoter. Stimulation of dye coupling and Cx43 gene transcription were reproduced by forskolin and 8Br-cAMP.
Exposure to PGE2 for 30 min increased Cx43 abundance at appositional membranes in UMR 106-01, whereas total
Cx43 protein levels increased only after 4–6 h of incubation with either PGE2 or PTH. Inhibition of protein synthesis by
cycloheximide did not affect this early stimulation of dye coupling, but it significantly inhibited the sustained effect of
PTH and forskolin on cell coupling. In summary, both PTH and PGE2, presumably through cAMP production, enhance
gap junctional communication in osteoblastic cell cultures via two mechanisms: initial rapid redistribution of Cx43 to
the cell membrane, and later stimulation of Cx43 gene expression. Modulation of intercellular communication
represents a novel mechanism by which osteotropic factors regulate the activity of bone forming cells. J. Cell. Biochem.
68:8–21, 1998. r 1998 Wiley-Liss, Inc.
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Bone remodeling is a dynamic process consist-
ing of repeated sequences of bone resorptive
and formative cycles, which require a well coor-
dinated effort of bone cells, osteoblasts, osteo-

clasts, and osteocytes [Rodan, 1996]. Cells of
the osteoblastic lineage play a pivotal role in
bone remodeling because they both directly pro-
duce and mineralize bone matrix and are the
target cells for the major hormones with bone
resorptive activity, i.e., parathyroid hormone
(PTH), and 1,25-dihydroxycholecalciferol [Nar-
baitz et al., 1983; Silve et al., 1982]. Osteoblasts
are believed to transmit the bone resorptive
signals to the osteoclast, possibly by secretion
of a soluble factor, although the exact nature of
this factor remains undetermined. On the other
hand, direct contact between cells of the osteo-
blastic and osteoclastic lineages is required in
certain systems for induction of bone resorption
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[Takahashi et al., 1988], implying a possible
role of direct intercellular communication dur-
ing osteoclastogenesis.

A number of studies have demonstrated that
osteoblasts are highly coupled via gap junctions
[Donahue et al., 1995; Civitelli et al., 1993;
Schirrmacher et al., 1992; Shen et al., 1986;
Doty, 1981] which allow signal exchange not
only between adjacent osteoblasts, but also be-
tween osteoblasts and periosteal fibroblasts,
and osteoblasts and osteocytic processes [Pa-
lumbo et al., 1990; Doty, 1981; Jeasonne et al.,
1979]. In previous work, we have established
that osteoblastic cells express connexin43
(Cx43) as the major gap junction protein which
mediates intercellular communication in these
cells [Steinberg et al., 1994; Civitelli et al.,
1993], an observation also reported by other
investigators [Donahue et al., 1995; Yamaguchi
et al., 1994; Schiller et al., 1992; Schirrmacher
et al., 1992]. However, not only do osteoblasts
express more than one connexin, but different
osteoblastic cells also express different amounts
of Cx43 and exhibit different abilities to trans-
fer fluorescent dyes from cell to cell [Steinberg
et al., 1994; Civitelli et al., 1993]. The physi-
ologic basis of such a diversity of connexin ex-
pression and endogenous communication com-
petence among different osteoblastic cell models
is still elusive. Nonetheless, gap junctional com-
munication is a characteristic feature of osteo-
blastic cells and may be essential for their nor-
mal functioning.

Gap junctional communication can be regu-
lated by a variety of physical and chemical
factors, including hormonal second messen-
gers, such as cAMP and cytosolic calcium, cyto-
plasmic pH, and protein phosphorylation [Sáez
et al., 1993; Stagg and Fletcher, 1990]. A rapid
increase of gap junctional plaques between os-
teoblasts was reported following incubation of
fetal rat calvaria cells with prostaglandin E2

(PGE2) [Shen et al., 1986], and stimulation of
Cx43 expression and cell coupling by PTH has
been reported in rat osteogenic sarcoma
[Schiller et al., 1992] and adult rat bone cells
[Donahue et al., 1995]. However, the molecular
mechanisms by which PGE2 and PTH regulate
gap junctional communication have not been
established. Because of the importance of these
two factors in bone remodeling and the poten-
tial application of PTH as anabolic agent for the
treatment of osteoporosis, we have analyzed
the action of these two regulators on the expres-

sion and function of Cx43 in osteoblasts. The
studies described herein demonstrate that both
PTH and PGE2 are able to upregulate gap junc-
tional communication in these cells, via mul-
tiple modulatory effects on Cx43 expression
and function. Thus, gap junctional communica-
tion is an essential regulatory component of
osteoblast activity.

MATERIALS AND METHODS
Reagents and Cells

Lucifer yellow CH and calcein-AM were pur-
chased from Molecular Probes (Eugene, OR).
Lucifer yellow was dissolved in distilled, deion-
ized water to a 10 mM concentration; cal-
cein-AM was dissolved in DMSO at the concen-
tration of 1 mM. Stock solutions were stored at
220°C in the dark. [a32P]-dCTP was purchased
from Amersham (Arlington Heights, IL). Poly-
clonal rabbit antiserum directed against Cx43
was produced by immunizing rabbits with a
synthetic peptide corresponding to amino acids
252–271 of rat Cx43 [Beyer and Steinberg,
1991]. All other chemicals and the tissue cul-
ture media were from Sigma Chemicals (St.
Louis, MO), unless otherwise indicated.

The osteogenic sarcoma cells, UMR 106-01
were a gift of Dr. Nicola C. Partridge, St. Louis
University. These cells have been characterized
as having an osteoblastic phenotype [Forrest et
al., 1985; Partridge et al., 1983]. UMR 106-01
cells are poorly dye coupled, and express Cx45
in more abundance than Cx43 [Steinberg et al.,
1994]. They were maintained in Eagle’s MEM,
supplemented with 10% FBS. Subcultures un-
til passage #30 were used in these studies. The
ROS 17/2.8 cells, also derived from a rat osteo-
sarcoma [Majeska et al., 1980], were also used
in some experiments. They were provided by
Dr. Gideon Rodan (Merck Research Laborato-
ries, West Point, PA), and were maintained in
DMEM/Ham’s F-12 (1:1), supplemented with
10% FBS. ROS 17/2.8 cells are well coupled and
express abundant Cx43 and no Cx45 [Steinberg
et al., 1994].

Dye Coupling

The ability of osteoblastic cells to transfer
fluorescent molecules via gap junctions (dye
coupling) was assessed using two different tech-
niques, both based on cell-to-cell transfer of
fluorescein derivatives. Intercellular transfer of
microinjected Lucifer yellow was performed as
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described [Civitelli et al., 1993]. Briefly, cells
adherent to 31 mm glass coverslips were grown
to 90% confluence. The coverslips were mounted
in a tissue chamber (Biophysica Technology,
Baltimore, MD), and placed on the stage of an
inverted epifluorescence microscope. Cells from
confluent areas of the culture were microin-
jected with 10 mM Lucifer yellow (1,100–1,200
psi applied for 0.2–0.3 s). Lucifer yellow fluores-
cence was monitored using a low light silicon
intensified target camera (SIT-66, Dage MTI,
Michigan City, IN) and the number of adjacent
cells containing dye 3–5 min after the injection
was recorded, as a measure of dye coupling.

In the ‘‘parachute’’ assay, cells were grown on
glass coverslides to confluence. A cell suspen-
sion from a parallel culture was prepared and
loaded with calcein, a negatively-charged, gap
junction permeant dye, using the acetoxymeth-
ylester form, calcein-AM. After loading, a small
number of loaded cells (,5,000/well) was added
to the culture dish just above the cell layer.
Within ,15 min, the ‘‘parachuted’’ cells attach
to the cell layer, and if gap junctions are pres-
ent, the dye diffuses from the loaded cell to the
cells of the unlabeled culture. Second, third,
and higher order cells will acquire the dye,
depending on the degree of coupling. Calcein
fluorescence was monitored by epifluorescence
microscopy (Zeiss Axioscope, Zeiss, Thornwood,
NY) using a fluorescein filter set. Dye coupling
was quantitated in digitized images by count-
ing the number of cells acquiring dye per para-
chuted cell. Thus, as for microinjections, dye
coupling assessed by the parachute assay de-
pends primarily on cell-to-cell transfer of the
fluorescent probe among acceptor cells, which
occurs through functional gap junctions. To fur-
ther prove that the parachute assay reports gap
junctional permeability, rather than membrane
fusion or other phenomena, we found that hep-
tanol or glycyrrhetinic acid, two gap junction
uncouplers, totally inhibited diffusion of calcein
among UMR 106-01 and ROS 17/2.8 cells,
whereas Dextran Texas red (Molecular Probes,
Eugene, OR), a large (,10,000 D) molecular
weight dye impermeable to gap junctions, did
not pass from parachuted cells to acceptor cells
(manuscript in preparation). Parachuted cells
are easily distinguishable from acceptor cells
because of their very bright fluorescence com-
pared to the surrounding cells, and also be-
cause they are in a plane of focus distinct from
that of the cell monolayer. Although quantita-

tion is conceptually similar to the microinjec-
tion method, in this assay a large number of
parachuted cells can be scored in each cover-
slide, typically more than 50.

RNA Blots

RNA blots were performed as previously de-
scribed [Civitelli et al., 1993]. Cells were grown
to confluence in 100 mm tissue culture dishes,
and total cellular RNA was isolated using guan-
idinium isothiocyanate [Chomczynski and Sac-
chi, 1987]. Samples (10 µg/lane) were separated
on formaldehyde agarose gels and transferred
to nylon membranes. The membranes were pre-
hybridized in 0.75 M sodium phosphate, 1.0%
SDS, 100 µg/ml salmon sperm DNA, 42°C over-
night, followed by overnight hybridization with
a cDNA probe for Cx43 [Beyer et al., 1987] at
42°C, and washed under high stringency condi-
tions (30 mM sodium phosphate, 1.0% SDS,
65°C). To verify the integrity and loading unifor-
mity of RNA, the membranes were reprobed
with [32P]-dCTP labeled human b-actin cDNA
(generous gift of Dr. Bratin Saha, Emory Univer-
sity, Atlanta, GA). The cDNA probes were la-
beled with 58-[a32P]-dCTP (3,000 Ci/mmol, aque-
ous solution) using the Megaprime labeling kit
fromAmersham (Arlington Heights, IL), accord-
ing to the manufacturer’s recommendations.
The intensity of the band hybridizing to the
Cx43 probe was quantitated by densitometry,
and normalized to the intensity of the bactin
band.

Cx43 Promoter Activity

A genomic clone containing exon I and 58
sequences of the rat Cx43 gene was isolated by
hybridization screening of a rat genomic library
in lambda DASH (Stratagene, San Diego, CA),
using the rat Cx43 cDNA [Beyer et al., 1987] as
probe. A DNA fragment extending from 1,339
bases upstream of the transcriptional start site
through base 1222 was amplified by the poly-
merase chain reaction. This piece contains tran-
scriptional regulatory sequences and exon I,
and exactly corresponds to the rat Cx43 pro-
moter as characterized by Yu et al. [1994]; it
also contains all of the regulatory elements
characterized by Chen et al. [1994]. This Cx43
promoter was subcloned upstream of the re-
porter gene luciferase in pGL2 (Promega, Madi-
son, WI). UMR 106-01 cells were cotransfected
(in triplicate) in six-well plates with 1 µg of
Cx43-pGL2 and 1 µg of RSV-beta galactosidase
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(as a transfection control) using the lipofectin
reagent (GIBCO BRL, Gaithersburg, MD). Cells
were fed with fresh growth medium after 24 h,
and 48 h after transfection. Cellular lysates
were prepared in 1% Triton X-100, 50 mM Tris-
MES ph 7.8, 1 mM DTT, frozen, and thawed
twice before assay for luciferase and b-galacto-
sidase activities [Eustice et al., 1991].

Immunoblots

Cells were cultured on 100 mm tissue culture
plates to 75–85% confluence, and incubated
with the experimental compounds as appropri-
ate. Cells were solubilized in 150 mM NaCl, 1%
Triton X-100, 0.5% deoxycholate, 0.1% SDS,
0.5% BSA, 50 mM TRIS, pH 8, containing a
cocktail of protease and phosphatase inhibi-
tors, for whole cell lysates. For enrichment of
gap junction plaques [Koval et al., 1995], pro-
teins were extracted in alkaline conditions, us-
ing 1 mM NaHCO3, 1 mM phenylmethylsulfo-
nylfluoride, 0.2 µg leupeptin, 0.1 µg pepstatin,
pH 8.0, and neutralization in NaOH. Semipuri-
fied gap junction proteins were collected by
centrifugation at 84,000g, and resuspended in
the same buffer, before protein electrophoresis.
Protein concentration in each sample was deter-
mined before electrophoresis using the method
of Bradford [1976], and appropriate dilutions
were made to ensure that equal amounts of
protein were loaded in each lane. Proteins were
separated by electrophoresis on 10% polyacryl-
amide gels with Promega midmolecular weight
protein standards, and transferred to PDVF
membranes (Millipore Immobilon P, Millipore
Corp., Bedford, MA) using a tank transfer appa-
ratus (Trans-blot Cell, Bio-Rad, Richmond, CA).
After blocking with 5% nonfat milk in 40 mM
TRIS HCl, pH 7.4, the membranes were incu-
bated with the anti-Cx43 antibody at 1:500
dilution in blocking buffer overnight at room
temperature, then washed in PBS and incu-
bated for 1 h with an anti-rabbit antibody conju-
gated to horseradish peroxidase (Tago, Burlin-
game, CA). The immune reaction was detected
by exposing the membranes to autoradiogra-
phy film (Hyperfilm, Amersham) in the pres-
ence of luminol using the ECL detection kit
(Amersham), according to the manufacturer’s
recommendations.

Immunofluorescence

Cells grown on glass coverslips were fixed in
methanol/acetone (1:1) for 2 min at room tem-

perature. After washing with PBS, they were
incubated with the primary anti-Cx43 antibody
(1:200) for 45 min, followed by three washes in
PBS and incubation with secondary antibody
(rhodamine conjugated goat anti-rabbit IgG
(Tago) for further 45 min, as described previ-
ously [Civitelli et al., 1993]. The coverslips were
washed and mounted on slides for epifluores-
cence microscopy (Zeiss Axioskop).

RESULTS

Microinjections of Lucifer yellow were first
performed on semiconfluent (70–80% conflu-
ent) cultures of UMR 106-01 cells, incubated
with either PGE2 or PTH for different times.
Approximately 15 min before the end of each
incubation time, the coverslips with the cell
cultures were placed on the microscope stage
and bathed in the same culture medium. At the
appropriate time, one or more cells were micro-
injected with Lucifer yellow. The degree of cell
coupling was assessed 5–10 min after the micro-
injection. Confirming our previous observa-
tions [Steinberg et al., 1994], dye transfer oc-
curred only occasionally from the microinjected
cell to its neighbors in resting UMR 106-01 cells
(Fig. 1A). Incubation with either PGE2 (1026 M)
or PTH (1027 M) rapidly increased the number
of coupled cells per microinjected cell within 30
min of incubation with either agonist. Within
the first hour of incubation, Lucifer yellow diffu-
sion involved slightly more cells in PGE2 than
in PTH-treated cultures (Table I and Fig. 1B).
In the continuous presence of either agonist,
dye coupling remained higher than baseline for
4–6 h (Table I and Fig. 1C), and the effect
disappeared after 24 h (Table I).

The requirement for a 3–5 min lag time to
allow the dye to diffuse after microinjection
makes it difficult to acquire data from a large
number of cells at the same point in time. To
corroborate the results obtained with Lucifer
yellow microinjections, we applied a new
method, the ‘‘parachute assay,’’ that allows more
precise monitoring of dye diffusion during incu-
bation with an agonist and provides data more
suitable for quantitation at distinct time points.
The experimental compounds were added di-
rectly to the bathing medium after calcein-
loaded UMR 106-01 cells were ‘‘parachuted’’ on
top of a nonloaded monolayer. To ensure a pre-
cise timing of hormone exposure, additions of
the experimental compounds were staggered in
time so that all incubations ended 21⁄2 h after
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parachuting the labeled cell. Preliminary ex-
periments indicated that an apparent steady
state of calcein diffusion was rapidly reached
within the first 15 min after parachuting. Fur-
ther propagation of the dye occurred during the
following 3 h, but the extent of this slow propa-
gation was minimal (not shown). The experi-
mental design allowed to control for this slight
increase in dye diffusion that occurs with time
after parachuting. In resting conditions, the
average number of acceptor cells for each single
calcein-labeled donor cells was higher than the
average coupling obtained with the microinjec-
tion method (compare Tables I and II). This
difference was substantial, and could not be
accounted for by the difference in time the fluo-
rescent dyes were allowed to diffuse after injec-

tion (15 min) or parachuting (21⁄2 h). Nonethe-
less, the number of coupled cells per cell was
higher in cultures incubated with either PGE2

or PTH, as compared to dishes in which no
addition was made (Fig. 2 and Table 2). Consis-
tent with the microinjection data, at the earli-
est time-point (30 min) the effect was more
pronounced (and statistically significant) in the
presence of PGE2 than in the presence of PTH.
At 60 min, the increase in cell coupling was
evident for both agonists (Table II). Thus, both
PGE2 and PTH rapidly increase gap junctional
permeability to negatively charged dyes in os-
teoblastic cells.

PGE2 and PTH activate similar signaling
pathways in target cells, including stimulation
of cAMP production and activation of phospho-
lipase C [Fujimori et al., 1992; Farndale et al.,

Fig. 1. Stimulation of cell coupling by PGE2 and PTH in UMR
106-01 osteogenic sarcoma cells (Lucifer yellow microinjec-
tion). Cells were grown to subconfluence on glass coverslips.
Fluorescence micrographs were taken 5–10 min after microin-
jection of Lucifer yellow into one cell. Injections were per-
formed before (A) or after incubation with either 1026 M PGE2

for 30 min (B), or 1027 M PTH for 210 min (C). Objective
magnification 1003.

TABLE I. Effect of PGE2 and PTH on Dye
Coupling in UMR 106-01 Cells: Diffusion of
Lucifer Yellow From a Microinjected Cell‡

Incubation time

Agonist

PGE2 PTH

Baseline 1.65 6 2.0 (74)
20–60 min 6.1 6 2.7* (12) 3.7 6 2.6 (41)
4–6 h 4.0 6 4.3 (26) 5.9 6 2.7* (45)
24 h 0.6 6 0.8 (9) 0.7 6 1.5 (11)

‡UMR 106-01 were cultured to subconfluence and treated
with either 1026 M PGE2 or 1027 M PTH, for the time
indicated. After microinjection of Lucifer yellow, dye cou-
pling was expressed as number of coupled cells per microin-
jected cell. Data represent the average 6 SD; in parenthe-
sis is the number of microinjections performed for each
condition.
*Significantly different than baseline at the 0.05 level (Kol-
mogorov-Smirnov test on frequency distributions).

TABLE II. Effect of PGE2 and PTH on Dye
Coupling in UMR 106-01 Cells: Diffusion of

Calcein From Donor to Acceptor Cells‡

Incubation
time

Agonist

Control PGE2 PTH

30 min 2.8 (1.9–3.5) 4.0* (3.0–5.2) 3.3 (2.8–3.5)
60 min 2.7 (2.6–3.1) 3.9* (3.8–4.3) 4.6* (3.8–4.8)

‡Calcein-loaded UMR 106-01 cells were added on top of a
nonloaded confluent culture. They were then treated with
either 1026 M PGE2 or 1027 M PTH for the time indicated.
Dye coupling is expressed as number of coupled cells per
cell parachuted. Data represent the median and range (in
parenthesis) of three different experiments, with an aver-
age of about 30 donor cells scored in each experiment.
*Significantly different than control at the 0.05 level (Fish-
er’s exact test).

12 Civitelli et al.



1988; Yamaguchi et al., 1988]. In most cell
systems, cAMP stimulates, whereas calcium-
dependent signaling inhibits gap junctional
communication [Sáez et al., 1993]. Thus, we
examined whether generation of cAMP could
mimic the action of PGE2 and PTH on dye
coupling in UMR 106-01 cells. Compared to
4.4 6 0.4 (n 5 5) coupled cells per donor cell at
baseline, cell coupling was increased by forsko-
lin to 6.1 6 0.5 (P , 0.05, n 5 5) and to 8.2 6
1.4 coupled cells per cell (P , 0.01; n 5 5) after
30-min and 2-h incubations, respectively. Thus,
the time-course of forskolin effect on dye cou-
pling was very similar to those obtained with
either PTH or PGE2, and the magnitude of the
effect was commensurate to the two agonists’
action. Notably, stimulation of cell coupling was
obtained with doses of forskolin (1025 M) that
maximally stimulate adenylate cyclase activity.

In the UMR 106-01 cells, as in other osteoblas-
tic cell models, intercellular diffusion of nega-
tively charged dyes is mediated primarily by
gap junctions formed by Cx43 [Steinberg et al.,
1994; Civitelli et al., 1993]. Therefore, we next
tested whether PGE2 or PTH modulate Cx43

expression in these cells. First, RNA blots were
performed on total RNA extracts from UMR
106-01 cells incubated with either 1026 M PGE2

or 1027 M PTH for different times. Both PGE2

and PTH induced time-dependent increases of
steady-state Cx43 mRNA with similar time-
courses. An increase of Cx43 mRNA abundance
was detectable after approximately 2 h of incu-
bation with either agonist, and the effect lasted
for at least 4–6 h (Fig. 3). Importantly, no
changes were detected in the level of Cx43
mRNA after 30 min incubation with PGE2 or
PTH, a time at which dye coupling was en-
hanced (see above). Significant increases of Cx43
mRNA (2.5–1.5-fold of baseline) were obtained
in UMR 106-01 cells with PTH concentrations
as low as 1029 M. Lower doses were ineffective.

We then studied whether the effect of PTH on
Cx43 mRNA was the consequence of gene tran-
scription regulation. Preliminary RNA blot ex-
periments showed that in the presence of actino-
mycin D, preformed Cx43 mRNA was degraded
at the same rate in the presence or in the
absence of PTH, although the abundance of
mRNA was higher in PTH treated than in un-

Fig. 2. PTH increases cell-to-cell transfer of calcein in UMR
106-01 cells (parachute assay). A confluent cell monolayer was
on coverslips in tissue culture wells. A cell suspension from a
parallel culture was loaded with calcein-AM for approximately
1 h. After loading, a small number of calcein-loaded cells was
‘‘parachuted’’ on top of the confluent cell layer. PTH (1027 M)

was added to the bathing medium 30 min or 2 h before the end
of a 21⁄2 h total incubation after parachuting. Fluorescence
micrographs were taken in the absence of PTH (A), or after 30
min (B) and 2 h (C, D) of exposure to the hormone. Objective
magnification 203.
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treated cultures (not shown). These results sug-
gested that the hormone did not alter the half-
life of mRNA. UMR 106-01 cells were then
transiently transfected with a Cx43-luciferase
reporter construct, and exposed to 1027 M PTH
for 6 h. The hormone stimulated transcrip-
tional activity of the Cx43 promoter, with a
time-course compatible with the steady-state
mRNA data, and its action was reproduced by
8Br-cAMP (Fig. 4). Therefore, the stimulatory
effect of PTH on Cx43 mRNA is most likely the
consequence of transcriptional up-regulation of
Cx43 gene promoter.

To verify that changes in Cx43 mRNA abun-
dance resulted in the expected changes in the
quantity of Cx43 protein, immunoblots were
performed after incubation with either PGE2 or
PTH in whole cell lysates and after alkali extrac-
tion, a method that allows enrichment of gap
junction proteins. In whole cell lysates, one
faint band migrating at around 40 kD was
detected in the UMR 106-01 cells, and the inten-
sity of this band increased after treatment with
PTH for 4 h or longer without apparent shifts of
its electrophoretic mobility (Fig. 5). Based on
previous observations [Civitelli et al., 1993;
Steinberg et al., 1994], this band corresponds to
nonphosphorylated Cx43. Two slower migrat-
ing bands of approximate m.w. of 41 kD and 43
kD, corresponding to phosphorylated species of
Cx43 [Steinberg et al., 1994] were clearly pres-

ent in extracts of ROS 17/2.8 cells (Fig. 4).
These bands were barely visible in the UMR
106-01 lanes, compatible with the low abun-
dance of Cx43 produced by these cells [Stein-
berg et al., 1994]. The increase in Cx43 abun-
dance stimulated by PTH was evident after
incubations for 4 h or longer, a result consistent
with the mRNAdata. These findings strengthen
the notion that PTH-induced changes of Cx43
protein are delayed compared to the increase in
dye coupling. Treatment with PGE2 had similar
effect on Cx43 protein abundance in whole cell
lysates of UMR 106-01 cells (Fig. 6). Thus,
Cx43-specific bands were more intense, though
still faint, after 4-h exposure to PGE2 compared
to baseline. Notably, no changes were detected
after 30 min treatment with the prostanoid. In
contrast, the intensity of Cx43-specific bands
was much stronger in plaque-purified material
than in whole cell lysates. In this preparation,
PGE2 treatment increased Cx43 abundance as
early as 30 min after cell exposure to the prosta-
noid, and the effect was maximal after 4 h of
incubation (Fig. 6).All Cx43-specific bands were
more intense after PGE2 treatment, but the
relative intensity of each band was unchanged.
In both whole cell and alkali-extracted prepara-
tions, Cx43 protein levels returned to baseline
after 24 h.

These results suggest that the initial, rapid
phase of PGE2 and PTH stimulation of cell

Fig. 3. Effect of PGE2 and PTH on Cx43 mRNA of UMR 106-01
cells. Confluent cultures were incubated with either 1026 M
PGE2 or 1027 M PTH for the indicated times, and total RNA
extracted and separated, as detailed in Material and Methods.
Membranes were hybridized with a cDNA probe for Cx43, then

washed and rehybridized for human bactin. The intensity of the
Cx43 mRNA band relative to that of bactin is indicated. A lane
with RNA from calvaria cells in resting conditions is also shown
on the left for comparison of relative mRNA abundance.
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Fig. 4. Transcriptional regulation of Cx43 by PTH and 8Br-
cAMP. A: Structure of the Cx43 promoter/luciferase construct. A
DNA fragment of the rat Cx43 gene including 1,339 bases 58

from the transcriptional start site (11) and 222 bases 38 (includ-
ing all of exon 1) was subcloned upstream of the reporter gene
luciferase and used for co-transfections with an RSV-b-galacto-
sidase control plasmid. B: Effect of PTH on Cx43 promoter
activity. Triplicate cultures of UMR 106-01 cells were treated
with 1027 M PTH or vehicle alone (controls) for the last 6 h of a

48 h transfection. Luciferase activity was determined and normal-
ized to b-galactosidase activity from a cotransfected RSV-b-
galactosidase plasmid. Data are presented as percent of control,
and represent the mean 6 SD from five independent experi-
ments. C: Effect of 8-Bromo-cAMP on Cx43 promoter activity.
Triplicate cultures of UMR 106-01 cells were treated with 1023

M 8-BrcAMP or vehicle alone (controls) for the last 6 h of a 48 h
transfection using the same conditions described for PTH. Data
represent the mean 6 SD from three independent experiments.

Fig. 5. PTH increases Cx43 protein levels in UMR 106-01 cells. Cells grown to confluence were incubated with PTH
(1027 M) for the indicated time, and the protein extract were subjected to PAGE, before blotting with either a
Cx43-specific antibody, or preimmune serum (Pr. S.), as indicated. Lanes with extracts from ROS 17/2.8 osteogenic
sarcoma cells are also shown for comparison.
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coupling is independent of de novo synthesis of
Cx43; whereas for prolonged incubation the
stimulatory effect is sustained by increased
Cx43 mRNA and protein expression. To further
test this hypothesis and to verify that these
effects can be reproduced by cAMP stimulation,
dye coupling was assessed after treatment with
PTH or forskolin in the presence or in the
absence of the protein synthesis inhibitor, cyclo-
heximide. As shown in Figure 7, cycloheximide
did not significantly affect PTH nor forskolin
stimulation of calcein diffusion between UMR
106-01 cells after short, 30 min incubation.
Notably, the effect of PTH at this early time
point was statistically significant in these ex-
periments, where more than 350 parachuted
cells were scored. On the contrary, the effect of
PTH was almost completely abolished by cyclo-
heximide, after prolonged, 2-h incubation,
whereas forskolin stimulation of calcein diffu-
sion was reduced by approximately 50% (Fig. 7).

The results of the previous experiments are
compatible with the hypothesis that the early
actions of PGE2, PTH, and forskolin on gap
junctional communication may be related to a
redistribution of existing Cx43 to gap junction
plaques, as it had been suggested by a previous
electron microscopy study on PGE2-stimulated
rat calvaria cells [Shen et al., 1986], and in
breast cancer cells after exposure to cAMP ana-
logs [Atkinson et al., 1995]. We thus analyzed
the cellular localization of Cx43 by immunoflu-
orescence after incubation with the two ago-
nists. As shown in Figure 8A, very little punc-

tate Cx43 immunostaining was visible in the
poorly coupled UMR 106-01 cells in resting
conditions. When the cells were exposed to PGE2

for 30 min, Cx43-specific staining was clearly
enhanced at appositional membranes (Fig. 8C).
The increased Cx43 immunoreactivity was
maintained for at least 3 h of incubation with
the prostaglandin (Fig. 8D). PTH incubation
also resulted in an increased Cx43-specific im-
munostaining at areas of cell-cell contact be-
tween UMR 106-01 cells, an effect clearly evi-
dent after longer (2 h) incubation times (Fig.
8B).

DISCUSSION

By applying a new noninvasive method to
assess dye coupling, we herein demonstrate
that PGE2 and PTH, two critical factors in-
volved in systemic and local control of bone
remodeling, rapidly increase gap junctional per-
meability to negatively charged molecules in
osteoblastic cells. The data also suggest that
this effect is the result of a dual mechanism of
gap junction regulation, including both redistri-
bution of preformed connexin proteins, and
stimulation of Cx43 gene expression.

The ‘‘parachute assay’’ reports the same bio-
logical phenomenon as the commonly used mi-
croinjection methods. However, it greatly sim-
plifies the procedure and allows a far larger
number of cells to be examined for dye diffu-
sion. The ability to finely control the experimen-
tal conditions (most of the procedural interven-
tions are performed in the tissue culture

Fig. 6. PGE2 alters Cx43 protein abundance in UMR 106-01 cells. Cells grown to confluence were incubated with
PGE2 (1026 M) for the indicated time. Alkali-extracted material (left) or either whole cell lysates (right) were blotted
with a Cx43-specific antibody.

16 Civitelli et al.



incubator rather than on the stage of a micro-
scope) and incubation times led, in these experi-
ments, to the detection and quantitation of
changes in gap junctional communication ef-
fected by PGE2, PTH, and cAMP stimulators as
early as 30 min after exposure to the agonist.
The use of microinjection methods is problem-
atic and very time consuming for quantitation
of dye coupling within short time frames. Appli-
cation of the parachute assay also disclosed a
higher degree of dye coupling between UMR
106-01 cells that it had been previously found
using microinjection techniques [Donahue et
al., 1995; Steinberg et al., 1994; Schiller et al.,
1992]. The reasons for this apparent discrep-
ancy are not immediately obvious, but it is
likely that the gap junctions present in UMR
106-01 cells are sensitive to mechanical manipu-

lation, so that disruption of the cell membrane
caused by cell impalement results in decreased
permeability. In addition to Cx43, UMR 106-01
cells express connexin45 (Cx45) on their sur-
face [Steinberg et al., 1994]. Although gap junc-
tions formed by Cx45 are poorly permeable to
negatively charged dyes [Veenstra et al., 1994],
Elfgang et al. [1995] have recently found that
mouse Cx45 overexpressed in HeLa cells could
pass Lucifer yellow injected iontophoretically,
although to a lesser degree than Cx43 gap junc-
tions could. Thus, is it possible that the higher
dye coupling we observed in UMR 106-01 cells
using the parachute assay as compared to Luci-
fer yellow microinjection may be contributed to
by Cx45 channels, whose function is perhaps
more sensitive to physical disruption of the cell
membrane than Cx43 channels are. The contri-

Fig. 7. Effect of cycloheximide (Chx) on PTH and forskolin
stimulation of dye coupling in UMR 106-01 cells. Calcein-
loaded UMR 106-01 cells were added on top of a nonloaded
confluent culture, along with Chx (1025 M) or its vehicle
(DMSO). PTH or forskolin were subsequently added 30 min and
2 h before the end of a 21⁄2 h total incubation after parachuting of

the donor cells. The number of coupled cells per cell para-
chuted was then assessed. Data represent the average and SD of
seven individual coverslips. Between 50 and 60 donor cells
were scored for each condition, in each experiment. Symbols
indicate significant difference vs. control (*); vs. Chx (#); and vs.
PTH or forskolin (@) at the 0.05 level (Student’s t-test).
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bution of Cx45 to PGE2 and PTH regulation of
cell coupling is currently under investigation.

Shen et al. [1986] observed a rapid (within 20
min) appearance of gap junctions between fetal
rat calvaria osteoblasts during incubation with
either PGE2 or PGE1 by electron microscopy.
They proposed that prostanoids promote the
assembly of preformed proteins into gap junc-
tion channels. Our results confirm and extend
these observations, demonstrating that PGE2

increases gap junctional communication be-
tween osteoblastic cells, but without changes in
total Cx43 protein levels in whole cell extracts.
Earlier work demonstrated that gap junctions
may in fact be induced to aggregate without
active protein synthesis [Ne’eman et al., 1980;
Epstein et al., 1977], a phenomenon that has
been recently described in more detail in mam-
mary tumor cells stimulated by cAMP analogs
[Atkinson et al., 1995]. This effect of cAMP
occurred as early as 30 min of pharmacologic
treatment, a time-course comparable to our find-
ings. Because we found substantially greater
abundance of Cx43 protein on the surface of
UMR 106-01 cells and in plaque-enriched, al-
kali-extracted material after a short, 30 min
exposure to PGE2, we speculate that PGE2, via
cAMP production, may induce redistribution of

preformed Cx43 into functional gap junctions
on the plasma membrane of osteoblasts as a
rapid response to PGE2. With time, increased
Cx43 protein synthesis is required for sus-
tained enhanced gap junctional communica-
tion, as suggested by PGE2 stimulation of Cx43
mRNA and protein abundance after 2–4 h of
incubation.

A similar two-phase mechanism appears to
be involved in PTH action. Like PGE2, PTH
also produced an early, rapid effect on gap junc-
tional communication independent of new pro-
tein synthesis, whereas new protein synthesis
was required to maintain the enhanced dye
coupling later in time. Again, a stimulatory
action of PTH on Cx43 mRNA and protein was
detected at later time-points, most likely the
result of transcriptional up-regulation of Cx43
gene expression. In theory, this two-phase regu-
latory mechanism provides the means of both
rapid and sustained responses to hormonal
modulators, so that gap junctional intercellular
communication can be increased immediately
after exposure to the agonist, and remain up-
regulated for as long as the hormonal stimulus
is applied. In this view, the increased amount of
Cx43 required at the cell membrane is initially
met by redistribution of preformed protein, and

Fig. 8. PGE2 and PTH increase the abundance of cell-surface associated Cx43. Subconfluent cultures of UMR
106-01 cells grown on glass coverslips were fixed and immunostained with an anti-Cx43 antibody in resting
conditions (A), or after incubation with either PTH (1027 M) for 4 h (B); or PGE2 (1026 M) for 30 min (C), or 4 h (D).
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the intracellular pool is later replenished by an
increased rate of Cx43 synthesis.

Stimulation of gap junctional communication
and Cx43 mRNA expression by PTH is not
restricted to UMR 106-01 cells [Donahue et al.,
1995; Schiller et al., 1992]. We and others have
obtained similar results in other human osteo-
genic sarcoma [Schiller et al., 1992; Civitelli,
1997] and rat calvaria cells [Donahue et al.,
1995; Schiller et al., 1992], with some cell type-
dependent variability. The present work de-
fines the multiple molecular mechanisms that
account for this action of PTH on osteoblastic
cells. Our data also suggest that stimulation of
gap junctional communication is mediated pri-
marily by activation of adenylate cyclase, a
signal transduction pathway common to both
PTH and PGE2 [Fujimori et al., 1992; Farndale
et al., 1988; Yamaguchi et al., 1988]. The direct
demonstration that PTH and cAMP stimulate
Cx43 promoter activity provides the molecular
mechanisms for the increased steady-state
mRNA and Cx43 protein levels observed after
prolonged PTH stimulation. These findings ex-
tend the results of Schiller et al. [1992], who
reported an increased rate of Cx43 mRNA pro-
duction in the same cell line exposed to PTH.
Sequences corresponding toAP-1 andAP-2 sites,
as well as a cAMP-binding protein response
element have been identified in the proximal 58
region of the Cx43 promoter [Lefebvre et al.,
1995; Yu et al., 1994], and these are possible
targets for the regulatory action of PTH. There-
fore, while the mechanisms leading to the rapid
increase of gap junction function remain un-
clear, the signals triggered by both PTH and
PGE2 may converge into the cAMP pathway for
regulation of Cx43 expression and cellular local-
ization. Analogs of cAMP and phorbol esters
can alter the phosphorylation pattern of Cx43
in different cell types [Sáez et al., 1993], and
this in turn may affect gap junction function
[Sáez et al., 1993; Stagg and Fletcher, 1990]. In
our experiments, neither PGE2 nor PTH pro-
duced significant changes in the pattern of Cx43
phosphorylation, despite the increase in Cx43
protein abundance. Thus, Cx43 phosphoryla-
tion does not seem to play a significant role in
PGE2, or PTH regulation of gap junctional com-
munication in osteoblasts.

Both PTH and PGE2 are physiologic regula-
tors of osteoblast function and mineral metabo-
lism. PTH is a potent stimulator of bone resorp-
tion, but when administered intermittently it

stimulates bone formation [Tam et al., 1982].
Likewise, although prostaglandins had been
originally identified as stimulators of bone re-
sorption, under certain conditions PGE2 can
also stimulate production of new trabecular
bone [Li et al., 1990; Mori et al., 1992]. The
possibility that regulation of intercellular com-
munication between osteoblasts may character-
ize the ‘‘anabolic’’ action of PTH, and perhaps
PGE2 is intriguing and potentially important
for clinical application. In vivo studies indicate
that the increase in bone formation observed
during intermittent treatment with PTH is as-
sociated with an increased number of actively
secreting osteoblasts [Dobnig and Turner, 1995;
Hodsman et al., 1991; Tam et al., 1982]. Conceiv-
ably, an increase of intercellular communica-
tion within bone remodeling units may enhance
the properties of the osteoblastic layer to work
as a ‘‘functional syncytium,’’ and thus contrib-
ute to the anabolic effect of PTH on bone. Con-
sistent with this hypothesis, we have recently
found that Cx43 permeability is required for
basal expression of genes pivotal to osteoblast
maturation and function [Lecanda et al., 1996].
Thus, increased cell-to-cell communication may
be part of the stimulatory action of anabolic
agent on bone forming cells.

Enhanced communication competence among
bone cells may also facilitate the diffusion of
locally generated signals, such as mechanical
strain, and thus regulate the sensitivity of bone
to hormonal and physical factors. The recent
demonstration that osteoblast responsiveness
to PTH is blunted when gap junctional commu-
nication mediated by Cx43 is disrupted [Van
der Molen et al., 1996] seems to corroborate
this hypothesis. Furthermore, direct intercellu-
lar communication may allow transmission of
hormonal signals from hormone responsive to
unresponsive cells, as demonstrated in experi-
ments with mixed cell populations [Lawrence
et al., 1978]. For example, although PTH is
antimitogenic in osteogenic sarcoma cells [Reid
et al., 1988], in primary cultures the hormone
may stimulate proliferation of osteoblasts [Van
der Plas et al., 1985; McDonald et al., 1986] and
periosteal fibroblasts, which represent osteopro-
genitor cells [Van der Plas and Nijweide, 1988].
In the latter system, physical contact between
osteoblasts and osteoprogenitor cells was re-
quired, since PTH could not directly stimulate
cAMP in periosteal fibroblasts [Van der Plas
and Nijweide, 1988]. Signal transmission
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through direct cell-cell contact and/or gap junc-
tional communication was postulated as a mech-
anism of the indirect effect of PTH on osteopro-
genitor cell proliferation.

In summary, we have established that gap
junctional communication between osteoblasts
can be regulated at different levels by modula-
tors of bone remodeling. These results provide
an additional mechanism which may be in-
volved in the actions of PTH and PGE2 on
osteoblast function and skeletal physiology.
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