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Abstract During bone remodeling, osteoblastic (OB)

cells have a central role leading to the production of

extracellular matrix and its subsequent mineralization. As

revealed by human physiopathologies, the OB differentia-

tion process is essential for the control of calcium metab-

olism and normal bone formation. Moreover, accumulating

data in the field of bone development suggest that connexin

43 (Cx43)-mediated gap junctional communication plays

an important role in OB differentiation and function. Since

Ca2+ has a central role in OB physiology, the aim of the

present study was to investigate the hypothetical involve-

ment of Cx43 in OB calcium homeostasis. We performed

measurements of intracellular calcium activity ([Ca2+]i) by

a cytofluorimetric method using Fluo-4 as a calcium indi-

cator and endothelin-1 (ET-1) as a physiological calcium-

mobilizing factor on cultured OB cells isolated from cal-

varia of Cx43+/– and Cx43+/+ mice. Partial deletion of the

Cx43 gene induced a significant decrease in the [Ca2+]i rise

elicited by ET-1. This reduction was not correlated to a

decrease or a modification of ET receptor subtype

expression as assessed by real-time reverse-transcription

polymerase chain reaction. Pharmacological investigations

led us to demonstrate that the significant difference in

[Ca2+]i peak amplitude during the ET-1 action was asso-

ciated with decreased calcium influx involving L-type

voltage-sensitive calcium channels, whereas calcium re-

lease from intracellular stores and implication of phos-

pholipase C were not affected by the reduced expression of

Cx43. In conclusion, our data demonstrate for the first time

that the Cx43 level of expression and/or function is able to

modulate the [Ca2+]i mobilization in OB cells.
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Introduction

In addition to its supportive and protective functions, bone

tissue is a dynamic system intimately associated with

mineral metabolism of the body, mainly phosphocalcic.

Bone turnover is a tightly coordinated process due to

activation and function of different cell types under the

control of transcriptional, growth and systemic factors

(Baylink, Finkelman & Mohan, 1993; Yang & Karsenty,

2002; Provot & Schipani, 2005). During such a temporally

and spatially regulated remodeling cycle, bone-forming

osteoblastic (OB) cells, derived from mesenchymal stem

cells, play a central role leading to the production and

maturation of extracellular matrix and its subsequent

mineralization by hydroxyapatite deposition on collagen.

Then, the OB differentiation process is an essential event

for the control of calcium metabolism and normal bone

formation and remodeling. Differentiating OB cells

sequentially acquire an expression profile from type I

collagen, alkaline phosphatase (early criteria) to osteocal-

cin (late criterion) genes, which are required for matrix

mineralization (Aubin et al., 1995).

Present in the mineral deposits, calcium is involved in

bone physiology, and differentiating OB cells are crucial

for the control of calcium metabolism. Furthermore, Ca2+

is required in multiple cellular functions that include

secretion, ionic conductance, cell cycle regulation and

programmed cell death (Berridge, Lipp & Bootman, 2000);
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and defective regulation of Ca2+ signaling is cytotoxic

(Clapham, 1995). Mechanisms inducing a rise of calcium

activity in OB cells following exposure to various biolog-

ically active substances have been investigated in numer-

ous in vitro studies and corresponded both to release from

intracellular stores and calcium influx through plasma

membrane (Lieberherr, 1987; Caffrey & Farach-Carson,

1989; Takuwa et al., 1989; Stern et al., 1995). The latter

phenomenon involves activation of voltage-sensitive cal-

cium channels (L- or T-type) as well as capacitive calcium

entry (Yamaguchi et al., 1989; Duncan, Akanbi & Farach-

Carson, 1998; Bergh et al., 2006).

The osteogenic process is highly coordinated and seems

to involve direct intercellular communication mediated by

the presence of gap junctions between OB cells. Indeed,

much evidence has demonstrated that the predominant

form of gap junction protein in OB cells, connexin43

(Cx43), was functionally related to the differentiation state

of osteogenic cells (Schiller et al., 2001; Upham et al.,

2003). During in vitro studies, any alteration of Cx43

expression affected the differentiation or mineralization

process (Lecanda et al., 1998; Civitelli et al., 1998; Li

et al., 2006). Moreover, targeted ablation of Cx43 gene in

mice (Cx43–/–) clearly demonstrated the link between Cx43

expression and OB differentiation with profound mineral-

ization defects in elements of the skull as well as axial and

appendicular skeleton (Lecanda et al., 2000). Recently, a

progressive osteopenia assessed by bone mineral density

and histomorphometric analyses was also detected in

conditionally osteoblast-deleted Col/Cre;Cx43–/fl mice to-

gether with a defective OB function and an attenuated

anabolic response to parathyroid hormone (PTH) (Chung

et al., 2006). Similarly, in a temperature-sensitive human

cell line (hFOB1.19), we have demonstrated that Cx43

expression level could influence the inhibitory action of

endothelin-1 (ET-1) on differentiation of human OB cells

(Niger et al., 2007).

Owing to the central role of Ca2+ in OB physiology and

in the transduction pathways of PTH and ET-1, the prin-

cipal aim of the present study was to investigate a hypo-

thetic role of Cx43 on OB calcium homeostasis. ET-1 was

then used as a physiological calcium mobilizing factor. To

overcome the postnatal lethality of Cx43–/– mice (Reaume

et al., 1995), we performed measurements of intracellular

calcium activity ([Ca2+]i) by a cytofluorimetric method on

cultured OB cells which were isolated from both Cx43+/–

and Cx43+/+ calvaria.

Partial deletion of the Cx43 gene led to reduced

expression and function of the gap junctional protein as

demonstrated by Western blot and gap-fluorescence

recovery after photobleaching (FRAP) analyses and in-

duced a significant decrease in the [Ca2+]i rise elicited by

ET-1. This reduction in calcium mobilization was not

correlated to a decrease or a modification of ET A and/or B

subtype expression as assessed by real-time reverse-tran-

scription polymerase chain reaction (RT-PCR). Moreover,

neither the liberation from calcium stores nor the trans-

duction via phospholipase C or inositol triphosphate

receptors was altered in Cx43+/– OB cells compared to

control cells. Finally, our pharmacological studies using

nonspecific (Ni2+ or SK&F96365) or specific (nifedipine)

channel blockers provided evidence that the L-type volt-

age-sensitive calcium channels (L-VSCCs) implicated in

the ET-1 response were specifically affected by the reduced

expression of Cx43 in OB cells, leading to altered calcium

influx.

Materials and Methods

Transgenic Mice

OB cells were extracted from calvaria of 3-day-old geneti-

cally modified newborn mice (Gja1tm1Kdr; Jackson Labora-

tory, Bar Harbor, ME) and their origin’s strain mice.

Mutation is due to the insertion in-frame into exon 2 of

Cx43 (Gja1) gene of a promoterless neomycin (Neo) gene

(Reaume et al., 1995). As previously described, Gja1tm1Kdr

homozygous (Cx43–/–) mice die at birth due to a severe heart

defect (Reaume et al., 1995). Consequently, only heterozy-

gous (Cx43+/–) and wild-type (Cx43+/+) mice were used for

the study. Tails from such mice were used for genotyping,

and calvaria were kept in Dulbecco’s minimum essential

medium (DMEM) supplemented with penicillin (100 UI/ml)

and streptomycin (100 lg/ml) at 4�C during the genotyping

process. Genomic DNA was extracted in Tris-HCl buffer 50

mM (pH 8.0) containing 10 mM Na2 ethylenediaminetetra-

acetic acid (EDTA), 0.5% sodium dodecyl sulfate (SDS) and

2 mg/ml proteinase K (Roche Diagnostics, Mannheim,

Germany) for 2 h at 65�C. DNA was precipitated with a mix

containing ethanol 95% and 143 mM sodium acetate and

rinsed in a 70% ethanol solution. DNA was then resuspended

in a Tris-EDTA buffer for 45 min at 65�C and used as a

template for PCR analysis. Cx43 and Neo sequences were

amplified with 50 mIU/ll Taq polymerase (BioTaq Bioline;

AbCys, Paris, France), and four primers were used: mCx43-

forward (NM_010288), 5¢-CCC-CAC-TCT-CAC-CTA-

TGT-CTC-C-3¢; mCx43-reverse, 5¢-ACT-TTT-GCC-GCC-

TAG-CTA-TCC-C-3¢; mNeo-forward, 5¢-GGC-CAC-AGT-

CGA-TGA-ATC-CAG-3¢; mNeo-reverse, 5¢-TAT-CCA-

TCA-TGG-CTG-ATG-CAA-3¢. After preheating at 94�C

for 2 min, 30 cycles were run, with denaturation at 94�C for

30 s, annealing at 55�C for 1 min, elongation at 72�C for

1min and a final extension at 72�C for 1 min. The Cx43-

forward and Cx43-reverse primers yielded a product of 520

bp, and the combination of Neo and Cx43 primers yielded
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two products of 520 bp (Cx43) and 294 bp (Neo). PCR

products were then loaded on a 1.5% agarose gel containing

ethidium bromide at 0.34 lM for electrophoresis. Wild-type

newborn mice were identified by the presence of a single

band at 520 bp, whereas heterozygous animals were char-

acterized by two bands at 520 and 294 bp, respectively.

All experimental procedures received approval from the

local animal care committee and were conducted in

accordance with the guidelines of the European Union

(CEE 86–609).

OB Cell Isolation and Culture

Once genotyping was performed, calvaria of each genotype

were pooled and digested sequentially under gentle agita-

tion at 37�C using a three-step process (0.5% trypsin/1.5%

EDTA solution for 5 min, 1 mg/ml collagenase II solution

for 5 min followed by three 1 mg/ml collagenase digestions

for 15 min). Cells isolated by the last three digestions were

combined as an OB population after discarding bone debris

by filtration (pore diameter = 37 lm). OB cells were then

resuspended in DMEM supplemented with 20% fetal calf

serum (FCS), 580 mg/l glutamine, 100 mIU/ml penicillin

and 100 lg/ml streptomycin and cultured in 25-cm2 flasks

at 150 · 103 cells/ml at 37�C in a humidified environment

with 5% CO2 and 95% air. After confluence, cells were

trypsinized in a 0.1% trypsin/0.3% EDTA solution. Cells

were resuspended in DMEM supplemented with 10% FCS,

580 mg/l glutamine, 100 mIU/ml penicillin, 100 lg/ml

streptomycin, 50 lg/ml ascorbic acid and 10 mM sodium b-

glycerophosphate and cultured at 50 · 103 cells/ml in 35-

mm plastic dishes at 37�C in a humidified environment

with 5% CO2 and 95% air. Four hours after seeding, careful

washing was done, and thereafter, media were renewed

daily. To characterize the effect of partial deletion of Cx43

in Cx43+/– OB cells, Western blot and gap-FRAP analyses

were performed after 4 days of culture. The expression

level of Cx43 protein was determined following a proce-

dure previously described (Cronier et al., 2003). Briefly,

after extraction in phosphate-buffered saline (PBS) con-

taining 0.5% sodium deoxycholate, 20% SDS, 0.1% Triton

X-100 and protease inhibitors, total OB proteins (30 lg)

were separated on 10% polyacrylamide-SDS gel, elec-

troblotted on nitrocellulose membrane and analyzed by

Western blotting with monoclonal antibody against Cx43

(1:1,000; Transduction Laboratory, Lexington, KY). The

corresponding antigen was detected after incubation with

an alkaline phosphatase-coupled secondary antibody at

1:10,000 (Promega, Madison, WI). Densitometric analyses

were performed using VisioL@b2000 software (Biocom,

Les Ulis, France). The degree of cell-to-cell diffusion was

assessed by the gap-FRAP method, developed by Wade,

Trosko & Schindler (1986), using 6-carboxyfluorescein as

fluorescent probe on a confocal microscope (FV 1000

Olympus IX-81, Tokyo, Japan). Briefly, tested cells were

photobleached by strong laser pulses (405 nm) and digital

images of the fluorescent emission were recorded at regular

intervals (30 s) for 10 min and stored for subsequent

analysis. When the bleached cells were connected to

unbleached contiguous cells, fluorescence recovery fol-

lowing a slow exponential time course was measured; the

kinetic analysis allows determination of the diffusion rate

constant (k), which corresponds to the relative permeability

of the gap junctions between the tested cells (Cronier et al.,

2003).

Recording of [Ca2+]i Transients

To analyze the impact of Cx43 partial deletion on calcium

homeostasis, variations of free [Ca2+]i were measured

using confocal microscopy (MRC 1024; Bio-Rad, Rich-

mond, CA) after short ET-1 perfusion (100 nM). The Ca2+

indicator Fluo-4 was used, for which fluorescence emis-

sion at 516 nm after excitation at 488 nm depends on the

Ca2+ intracellular level. Briefly, after 2 days, cells cul-

tured on 30-mm glass coverslips were loaded 20 min in

the dark in a Tyrode solution (in mM: 144 NaCl, 5.4 KCl,

2.5 CaCl2, 1 MgCl2, 0.3 NaH2PO4, 5 4-[2-hydroxyethyl]-

1-piperazineethanesulfonic acid [HEPES], 5.6 glucose, pH

7.4) containing the lipophilic form of the dye (Fluo-4/AM

ester dissolved in dimethyl sulfoxide 0.1%) at a concen-

tration of 2.7 lM. After carefully washing off the unin-

corporated fluorogenic dye, variations of [Ca2+]i with time

were measured in defined areas located in the center of

OB cells. By means of a home-made gravity-based

microperfusion system, ET-1 was rapidly applied using a

streamline flow directed onto the OB cells under inves-

tigation from the opening of a stainless steel capillary

tube (internal diameter 50 lm) positioned in the bath. All

experiments were conducted at room temperature (20 ±

1�C) in Tyrode solution.

Fluo-4 signals were not calibrated in terms of absolute

values since it was not necessary for the monitoring of

variations of [Ca2+]i levels. However, fluorescence data

were normalized to baseline for each cell.

Real-Time RT-PCR

Expression levels of ETA and ETB receptor subtypes were

assessed after 4 days of culture. Total RNA was then iso-

lated using RNeasy Plus Mini kit (Qiagen, Valencia City,

CA) according to the instructions of the manufacturer.

Plastic dishes (35 mm) were harvested with 400 ll lysis

buffer, and cell lysis was performed using a 2-s pulse with

a probe sonicator. RNA (5 lg) was reverse-transcribed

using the RETROscript kit (Ambion, Huntingdon, UK).
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The reactions were set up in duplicate in 20 ll total volume

with 5 pmol of each primer, 10 ll of 2x SYBRgreen

Master Mix and 1 ll of template. The PCR cycle was as

follows: 95�C for 10 min, 35 cycles of 95�C for 15 s and

60�C for 1 min, and a melt curve analysis was performed at

the end of each experiment to verify that a single product

per primer pair was amplified. The amplification and

analysis were performed using an ABI Prism 7000 se-

quence detection system (Applied Biosystems, Foster City,

CA). Samples were compared using the relative CT meth-

od. We also determined that a no reverse-transcriptase

control reaction yielded no amplification product. Specific

primers for ETA receptor, ETB receptor and housekeeping

gene (P0) were synthesized by Eurogentec (Liège, Bel-

gium): ET receptor subtype A (XM_134499, mETAR)

forward, 5¢-ATC-GGG-ATC-CCC-TTG-ATT-AC-3¢; mE-

TAR-reverse, 5¢-ACA-GCA-ACA-GAG-GCA-GGA-CT-

3¢; ET receptor subtype B (BC026553, mETBR) forward

5¢-TGT-TCG-TGC-TAG-GCA-TCA-TC-3¢; mETBR-re-

verse 5¢-AGC-AAT-CTG-CAT-ACC-GCT-CT-3¢ (Scar-

paro et al., 2006); and housekeeping gene encoding

ribosomal protein P0 (BC070194) forward 5¢-ATG-CCC-

AGG-GAA-GAC-AGG-GC-3¢ and P0-reverse 5¢-CCA-

TCA-GCA-CCA-CAG-CCT-TC-3¢.

Statistical Analysis

Reported calcium data are expressed as mean ± standard

error of the mean (SEM) of fluorescence amplitude between

basal level and peak level, with n being the number of OB

cells tested. Peak values were compared with Student’s t-

test for unpaired data, and differences were considered

significant at p £ 0.05 (ns, not significant; *p £ 0.01,

**p £ 0.001). All statistical tests were performed by

means of Origin software version 6.0 (Microcal Software,

Northampton, MA).

Results

Cx43 Expression and Function in Cx43+/– and Cx43+/+

OB Cells

Under the experimental conditions used here, after 4 days

of culture, no evident morphological differences were ob-

served between Cx43+/+ and Cx43+/– OB cells (Fig. 1A,B).

For both genotypes, various OB differentiation states were

noted from proliferative OB cells to large differentiated

cells. However, as revealed by Western blot analyses, a

significant difference was measured in Cx43 expression

level, with a 50% decrease in Cx43+/– cells compared to

their counterparts (Fig. 1C,D). Inter-OB communication

was assessed by the gap-FRAP method as previously

described (Cronier et al., 2002). Coupled cells were then

characterized by an exponential time course of fluores-

cence recovery from neighboring cells into a photo-

bleached tested cell (Fig. 1E,F). After the same period of

culture, functional communication in Cx43+/– OB cells

presented a 60.3% reduction compared to Cx43+/+ OB

cells, as quantified by the mean values of diffusion rate

constants (Fig. 1G). Therefore, partial deletion of the Cx43

gene in mice induced a reduction by half of expression and

function of the gap junctional protein in OB cells.

Effect of ET-1 on [Ca2+]i of Cx43+/– and Cx43+/+ OB

Cells

ET-1 (100 nM) was effective in inducing a Ca2+ response

characterized by a rapid increase in fluorescence intensity

upon the short perfusion of the peptide in both genotypes

(Fig. 2). However, the peak amplitude evoked by ET-1 was

significantly lower (p £ 0.001) in Cx43+/– (n = 470)

compared to Cx43+/+ (n = 538) cells. The nature of ET-1

receptor subtypes was investigated using a pharmacologi-

cal approach with specific antagonists and agonist. As

shown in Figure 3(A–D,G), prior and concomitant perfu-

sion of OB cells with a specific ETA receptor antagonist

(BQ123, 1 lM) or ETB receptor antagonist (BQ788, 1 lM)

totally abolished the Ca2+ transient in the presence of ET-1

for both genotypes (n = 38 and 24 for Cx43+/+ and Cx43+/–,

respectively). It should be noted that reversibility within

the assay duration was obtained after BQ788 removal,

contrary to the BQ123 situation. In both genotypes, peak

amplitudes elicited by ET-3 (100 nM, n = 132), which has

low affinity for ETA subtype, were significantly lower (p

£ 0.001) than those in the presence of ET-1 (Fig. 3E,F,H).

These results supported the dual involvement of ETA and

ETB receptors in the short-term effect of ET-1 on OB cells.

To explain the difference due to partial deletion of the

Cx43 gene in the ET-1-induced Ca2+ response, several

assumptions could be postulated. Firstly, to test a possible

impact on the expression level of ET receptor subtypes, we

performed quantitative RT-PCR using specific primers

(Fig. 4). Interestingly, there was no significant difference

in expression profiles between the two genotypes (n = 9),

but the ETA subtype was always expressed at a higher

level (20-fold). These data are consistent with those ob-

tained during the ET3 experiment and confirm the pre-

dominance of the ETA subtype and the absence of a

significant effect of partial deletion of the Cx43 gene on ET

receptor expression. Secondly, we postulated that the sig-

nal transduction pathway could be affected by the Cx43

deletion and especially the coupling of ET receptor to

phospholipase C (PLC). As shown in Figure 5, preincu-

bation (10 min) of OB cells with U73122 (2 lM), a mem-

brane-permeable PLC inhibitor, dramatically decreased
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(p £ 0.001) the ET-1-induced Ca2+ rise (n = 44 and 36 for

Cx43+/+ and Cx43+/– OB cells, respectively), suggesting a

lack of alteration at this level due to the reduced connexin

expression. Then, we investigated if in Cx43+/– OB cells

the release of intracellular calcium was modified. In Ca2+-

free medium, ET-1 was able to induce a spike in [Ca2+]i

whatever the genotype (Fig. 6A,B). However, in Cx43+/+

OB cells, the Ca2+ rise was less than that measured in

control medium (–28.5%, p £ 0.01), whereas in Cx43+/–

OB cells, no significant difference was observed compared

to control (Fig. 6G). To further estimate the real implica-

tion of calcium stores in response to ET-1, thapsigargin

(5 lM) was used to specifically block sarcoplasmic/endo-

plasmic reticulum calcium ATPase (SERCA), leading to

depletion of Ca2+ stores and 2-AminoethoxydiPhenyl

Borate(APB) (100 lM) to completely block inositol 1,4,5-

trisphosphate (IP3) receptors. Whatever the genotype, the

presence of 2-APB completely abolished the ET-1-stimu-

lated [Ca2+]i increase (Fig. 6C,D,H; n = 36). Similarly, in

both genotypes, thapsigargin (Fig. 6E,F) dramatically re-

duced (p £ 0.001) the ET-1-induced Ca2+ peak (n = 36

and 48 in Cx43+/+ and Cx43+/– OB cells, respectively),

confirming the dual origin of calcium in the peptide re-

sponse (Fig. 6I). However, the rise of [Ca2+]i elicited in the

presence of thapsigargin (5 lM) alone was significantly less

pronounced in Cx43+/+ OB cells than the one due to ET-1

(100 nM). In Cx43+/– OB cells, there was no signifi-

cant difference in [Ca2+]i response between ET-1 and

Fig. 1 Cx43 expression and

function in cultured calvarial

OB cells after 4 days of culture.

Phase-contrast micrographs of

Cx43+/+ (A) and Cx43+/– (B)

OB cells. Scale bars = 50 lm.

(C) Western blot analysis of

Cx43 expression levels in

Cx43+/+ and Cx43+/– OB cells.

Results are representative

examples of six separate

experiments. (D) Normalized

densitometric analyses of

Western blots showing that

Cx43 protein amount is

significantly decreased in

Cx43+/– OB cells vs. control.

(e-g) Functional coupling in

Cx43+/+ and Cx43+/– cells

measured by the gap-FRAP

method. (E) Digital images of

fluorescence distribution in OB

cells during gap-FRAP

experiment: Prebleach just after

photobleach (t = 0) and after

fluorescence redistribution (t =

10), polygon 1 photobleached

tested cell, polygon 2
unbleached control cell for

correction of the loss of

fluorescence due to repeated

scanning and dye leakage. (F)

Examples of corrected recovery

curves expressed as the

percentage of prebleach value

vs. time in Cx43+/+ and Cx43+/–

cells and control (C) cell. (G)

Diffusion rate constant (k) of

Cx43+/+ and Cx43+/– OB cells.

Numbers of investigated cells

are indicated inside the bars.

*p £ 0.01, **p £ 0.001
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Fig. 3 Pharmacological characterization of ET-1 receptor subtypes

in cultured OB cells. (A–D) Representative recordings of the effects

of BQ123 (1 lM, A,B) and BQ788 (1 lM, C,D) on the [Ca2+]i

variations elicited by ET-1 (100 nM) in Cx43+/+ (A,C) and Cx43+/–

(B,D) OB cells. Representative recordings of [Ca2+]i changes in

response to short ET-3 (100 nM) perfusion in Cx43+/+ (E) and Cx43+/–

(F) OB cells. Arrowheads indicate the time of measurements for

normalized fluorescence increase expressed in (G,H). (G) Average

peak data obtained in Cx43+/+ and Cx43+/– OB cells after BQ

treatments. (H) Average peak data obtained in Cx43+/+ and Cx43+/–

cells after ET-3 stimulation. Data are mean ± SEM, and numbers of

experiments are indicated inside or on top of the bars. **p £ 0.001

vs. each genotypic control

Fig. 2 Difference in ET-1-

induced Ca2+ response between

Cx43+/+ and Cx43+/– OB cells

after 2 days of culture.

Representative recordings of

[Ca2+]i changes in response to

short ET-1 (100 nM) perfusion

in Cx43+/+ (A) and Cx43+/– (B)

OB cells. Arrowheads indicate

the time of measurements for

normalized fluorescence

increase expressed in C. (C)

Average peak data obtained in

Cx43+/+ and Cx43+/– OB cells.

Data are mean ± SEM, and

numbers of experiments are

indicated inside of the bars.

**p £ 0.001
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thapsigargin, suggesting a low participation of calcium

influx in this situation. Finally, in order to clarify which

transmembrane channels were involved in the ET-1-in-

duced [Ca2+]i response, a panel of pharmacological agents

was used during the ET-1 perfusion in the vicinity of

Cx43+/+ or Cx43+/– OB cells. As illustrated in Figure 7,

only the dihydropyridine compound nifedipine (L-type

Ca2+ channel blocker, 1 lM) presented a differential effect

according to the level of Cx43 expression (Fig. 7E,F,I).

Indeed, a 26% reduction was measured in Cx43+/+ OB cells

(p £ 0.01), whereas no significant effect was demon-

strated in Cx43+/– OB cells (n = 96 and 83, respectively).

Ni2+ (1 mM, nonspecific inhibitor of calcium channels;

Fig. 7A,B,G) and SK&F96365 (30 lM, store-operated

calcium channel and nonselective cationic channel blocker;

Fig. 7C,D,H) had similar effects on both genotypes.

Discussion

Data obtained in the present study revealed for the first time

that partial Cx43 gene deletion induced a significant decrease

of ET-1-induced [Ca2+]i mobilization. This altered response

to ET-1 was not linked to changes in ETA or ETB receptor

subtype expression. Indeed, both receptor subtypes are

functional in Cx43+/– and Cx43+/+ OB plasma membranes

even if ETA receptors represented the predominant form,

whatever the genotype. Pharmacological investigations led

us to demonstrate that the significant difference in [Ca2+]i

peak amplitude during the ET-1 action was associated with

decreased calcium influx involving L-VSCCs whereas cal-

cium release from intracellular stores and implication of PLC

were not affected by the reduced expression of Cx43.

Among the multiple intracellular signaling pathways

coupled to ET receptors (Green et al., 1994; Sokolovsky,

1995), it has been previously shown that ET-1 produced a

[Ca2+]i rise, mainly implicating the ETA receptor subtype

compared to ETB, in OB cell lines (Suzuki et al., 1997;

Hiruma et al., 1998; Zach, Windischhofer & Leis, 2001)

and in rodent calvarial OB cells (Takuwa, Masaki &

Yamashita, 1990; Semler et al. 1995; Kitten et al., 1997;

Fig. 5 Coupling of ET-1

receptors to PLC pathway in OB

cells is not affected by partial

deletion of the Cx43 gene.

(A,B) Representative recordings

of [Ca2+]i changes evoked by

ET-1 (100 nM) after 10-min

pretreatment with U73122

(2 lM). Arrowheads indicate the

time of measurements for

normalized fluorescence

increase expressed in C. (C)

Average peak data obtained in

Cx43+/+ and Cx43+/– cells after

U73122 preincubation vs.
control. Data are mean ± SEM,

and numbers of experiments are

indicated inside of the bars.

**p £ 0.001

Fig. 4 Partial Cx43 gene deletion does not alter ET receptor subtype

expression levels. Real-time RT-PCR revealed that ETA receptor

subtype mRNA levels were significantly higher than ETB levels

whatever the genotype. However, no significant difference in

expression of both receptor subtypes was measured between Cx43+/

+ and Cx43+/– OB cells (n = 9). Data correspond to the mean ± SEM of

three independent triplicate experiments. ns not significant, **p £
0.001
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Hagiwara et al., 1999). In the present study, as described by

Semler, Morris & Stern (2000), the real-time RT-PCR

technique allowed us to support the presence of ETB

subtype in cultured calvarial cells, and its implication in

ET-1-induced calcium response was confirmed by means

of specific antagonists and agonist. In most of the cell

types, ET-1 commonly induced a [Ca2+]i elevation caused

by PLC activation and IP3 generation, leading to release of

sequestrated calcium ions and to Ca2+ influx through

plasma membranes by voltage-sensitive and -insensitive

calcium or cationic channels (Berridge et al., 2000;

Kawanabe et al., 2001; Niger, Malassiné & Cronier, 2004).

However, no evidence of ET-1 activation of L-VSCCs has

been observed (Zach et al., 2001) by means of fluorimetry

in isolated MC3T3-E1 cells in suspension (pre-OB cell

line). It must be pointed out that numerous biochemical and

molecular studies have demonstrated the presence of

voltage-operated (L- and T-types) calcium channels in OB

cells (Caffrey & Farach-Carson, 1989; Li et al., 2003;

Shao, Alicknavitch & Farach-Carson, 2005; Bergh et al.,

2006). In our experimental conditions, nifedipine, a spe-

cific L-VSCC blocker, had no significant effect on Cx43+/–

OB cells, whereas it was effective in Cx43+/+ OB cells.

This result suggests that L-VSCCs are involved in the

ET-1-induced Ca2+ rise observed in the absence of Cx43

deletion.

Endothelin excepted, other biologically active sub-

stances present in the bone microenvironment (PTH, PTH-

related protein, vitamin D3, estradiol) were demonstrated to

modulate calcium influx through L-VSCCs in OB cells

(Lieberherr et al., 1993; Lalonde et al., 2001; Li et al.,

2003; Bergh et al., 2006). For example, in vitro studies

have shown that PTH enhanced [Ca2+]i in OB cells sub-

jected to fluid shear stress and that this stimulatory effect

was attenuated by L-type calcium channel blockers (Ryder

& Duncan, 2001). Voltage-independent cationic channels

were also demonstrated in OB cells, especially store-

operated and capacitative calcium entry (Zach et al., 2001;

Baldi, Vazquez & Boland, 2002; Santillan et al., 2004); but

no data were available on the ET-1 effect on these chan-

nels. Nevertheless, in the present study, the blocking effect

of SK&F96365 during ET action suggested the participa-

tion of these channels in the Ca2+ response for both

genotypes.

As postulated in recent studies describing pannexin

transfection (connexin homologues) in human cell lines

Fig. 6 Decreased Cx43

expression and function in OB

cells does not change the

implication of intracellular

calcium stores in the ET-1

response. Representative

recordings of the effects of

Ca2+-free medium (A,B),

2-APB (100 lM, C,D) and

thapsigargin (5 lM, E,F) on the

[Ca2+]i changes elicited by ET-1

(100 nM) in Cx43+/+ (A,C,E)

and Cx43+/– (B,D,F) OB cells.

Arrowheads indicate the time of

measurements for normalized

fluorescence increase expressed

in G, H and I. Average peak

data obtained in Cx43+/+ and

Cx43+/– cells in the presence of

Ca2+-free medium (G), after

2-APB treatment (H) and after

thapsigargin treatment (I). Data

are mean ± SEM, and numbers of

experiments are indicated inside

or on top of the bars. ns not

significant, *p £ 0.01,

**p £ 0.001
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(Vanden Abeele et al., 2006), this type of transmembrane

protein could form hemichannels which seem to be present

in the endoplasmic reticulum (ER) membrane and to con-

tribute to the ER-calcium leak. The question is whether

Cx43 could form such hemichannels in OB ER membranes

responsible for the observed phenomenon. In our experi-

mental conditions, decreased expression of Cx43 had no

effect on calcium mobilization from intracellular stores

after ET-1 and thapsigargin treatments compared to wild-

type OB cells, suggesting that Cx hemichannels were not

implicated in the ER Ca2+ release. The presence and

implication of Cx hemichannels in the control of calcium

homeostasis require further investigations. As the lack of

Cx43 in OB cells hindered the bone anabolic effect of

PTH, the link between Cx43 expression level and OB

control by calcium mobilizing factors like ET-1 appears to

be important. Thus, Chung et al. (2006) demonstrated that

subcutaneous injection of PTH in conditionally OB-deleted

Col/Cre;Cx43-/fl mice induced an attenuated anabolic

response compared to their wild-type littermates as as-

sessed by bone mineral density and histomorphometric

analyses. Finally, as previously demonstrated (Lecanda

et al., 2000), the reduced Cx43 expression level could also

influence the OB differentiation process, which presents

dynamic variations in expression of some partners impli-

cated in calcium homeostasis. Indeed, Lampasso, Chen &

Marzec (2006) demonstrated a temporal pattern of

expression of protein kinase C isoforms in differentiating

MC3T3-E1 cells by immunofluorescence and Western

blotting. Moreover, biochemical and pharmacological

studies have revealed that 1,25(OH)2D3 treatment of

MC3T3-E1 cells leads to a shift in VSCC expression from

predominantly L-type in early differentiating OB cells to

T-type in terminally differentiated OB cells (Bergh et al.,

2006).

In conclusion, our data demonstrate that the Cx43 level

of expression and/or function is able to modulate [Ca2+]i

mobilization in a murine OB model. Cx43+/– OB cells,

which express a significantly lower level of Cx43, exhibit a

reduced Ca2+ spike when treated with ET-1. The implica-

tions of L-VSCC together with voltage-independent chan-

nels were also shown during the ET-1-induced calcium rise

by use of pharmacological agents. Even if our data confirm

the role of gap junctional intercellular communication in

the control of Ca2+ homeostasis, further studies will be

needed to investigate the real involvement of Cx43 in this

phenomenon and particularly its molecular interactions

and/or interactive pathways with L-VSCCs.

Fig. 7 Difference between

Cx43+/+ and Cx43+/– OB cells in

transmembrane channels

involved in ET-1-induced Ca2+

response. Representative

recordings of the effects of Ni2+

(1 mM, A,B), SK&F96365

(30 lM, C,D) and nifedipine

(1 lM, E,F) on the [Ca2+]i

changes elicited by ET-1 (100

nM) in Cx43+/+ (A,C,E) and

Cx43+/– (B,D,F) OB cells.

Arrowheads indicate the time of

measurements for normalized

fluorescence increase expressed

in G, H and I. Average peak

data obtained in Cx43+/+ and

Cx43+/– cells in the presence of

Ni2+ (G), SK&F96365 (H) and

nifedipine (I). Data are mean ±

SEM, and numbers of

experiments are indicated inside

of the bars. ns not significant,

*p £ 0.01, **p £ 0.001
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