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Abstract
Background/Aims: Smooth muscle tone is controlled by Ca2+ signaling in the endothelial 
layer. Mouse endothelial cells are interconnected by gap junctions made of Connexin40 
(Cx40) and Cx37, which allow the exchange of signaling molecules to coordinate their activity. 
Here, we investigated the role of Cx40 in the endothelial Ca2+ signaling of the mouse aorta. 
Methods: Ca2+ imaging was performed on intact aortic endothelium from both wild type 

Results: Acetylcholine (ACh) induced 
early fast and high amplitude Ca2+ transients in a fraction of endothelial cells expressing the 
M3 muscarinic receptors. Inhibition of intercellular communication using carbenoxolone or 
octanol fully blocked the propagation of ACh-induced Ca2+ transients toward adjacent cells 
in WT and Cx40-/- mice. As compared to WT, Cx40-/- mice displayed a reduced propagation 
of ACh-induced Ca2+ waves, indicating that Cx40 contributes to the spreading of Ca2+ signals. 
The propagation of those Ca2+ responses was not blocked by suramin, a blocker of purinergic 
ATP receptors, indicating that there is no paracrine effect of ATP release on the Ca2+ waves. 
Conclusions: Altogether our data show that Cx40 and Cx37 contribute to the propagation 

2+ signaling triggered by ACh in endothelial cells expressing the 
M3 muscarinic receptors. 

Introduction

Ca2+ signaling in the endothelium is fundamental for the regulation of vascular tone and 
arterial blood pressure. There is a tight link between the spreading of Ca2+ waves occurring 
during agonist stimulation of endothelial cells and the subsequent relaxation of smooth 
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muscle cells. Indeed, agonists such as acetylcholine (ACh) trigger cytosolic Ca2+ increases in 
the endothelium which can mediate the production of vasodilators such as NO, PGI2 and the 
EDHF, depending on the vascular bed [1-3]. 

The endothelium of blood vessels is composed of endothelial cells which are 
interconnected by gap junction channels [4]. These channels are made of two connexons 
(also called hemichannels) whose association at intercellular junctions forms a functional 
pore enabling the diffusion of ions or intracellular messengers between adjacent cells 
[5]. In cultured endothelial cells, gap junctions allow the propagation of Ca2+ waves in 
the endothelial layer through the diffusion of Ca2+ or second messenger such as InsP3 [6]. 
However, ATP release through hemichannels may also contribute to the propagation of Ca2+ 
waves by activating purinergic receptors on adjacent endothelial cells, in particular upon 
mechanical stimulation of endothelial cells [7, 8]. 

The mouse aortic endothelium express Connexin40 (Cx40) and Cx37 [9] and both 
isoforms are involved in the formation of functional gap junctions and diffusion of dyes 
between native endothelial cells [10, 11]. Cx40 may also form hemichannels releasing 
ATP among other molecules. In cultured renal glomerular endothelial cells, it has been 
hypothetized that the propagation of Ca2+ waves upon mechanical stimulation occurs 
through purinergic stimulation of adjacent cells [8].

Several studies described that the lack of Cx40 reduces the conducted vasodilation in 
different resistance vessels [12-14]. In addition, endothelial gap junctions have been shown 
to modulate vasomotor tone by regulating the release of relaxing factors such as NO and 
EDHF [12, 15-17]. Finally, Cx40 appears to be of major importance for the conduction of 
agonists-induced endothelium-dependent vasodilations along arterioles as it cannot be 
replaced by Cx45 [14].

In the intact mouse aortic endothelium, Ca2+ signaling upon agonist stimulation is either 
homogeneous in the case of ATP or highly heterogeneous in the case of ACh or other agonists 
[18]. However, the reasons for these differences have not been investigated so far.  Here, we 
used Ca2+

(Cx40-/-) mice to investigate the origin of heterogeneous Ca2+ signaling as well as the effect 
2+ signals in the 

endothelial layer, ACh triggers early fast and high amplitude Ca2+ increases in only a fraction 
of native endothelial cells. This heterogeneous response of the endothelium to global ACh 
stimulation is linked to the restricted expression of M3 muscarinic ACh receptors (M3-

early fast Ca2+ increases occurring in a limited fraction of native endothelial cells spread 
toward adjacent cells through endothelial gap junction channels, without the involvement of 
hemichannel-dependent ATP release. Altogether our results indicate that the heterogeneous 
cholinergic Ca2+ signaling of the mouse aortic endothelium is linked to both restricted M3-
mAChRs expression and spreading of Ca2+ signals through gap junctions made of Cx40 and 
Cx37.

Materials and Methods

Animals
The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by 

the US National Institutes of Health (NIH Publication, 8th Edition, 2011). Mouse care and euthanasia 

conform to the guide for the care and use of laboratory animals (University of Lausanne, A555213-

19]. Breeding pairs of Cx40-/- mice were crossed with control C57/Bl6 partners. Homozygous  

were as follow: for the Cx40 recombinant allele (494 bp), 5’-GGATCGGCCATTGAACAAGATGGATTGCAC-3’ 
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(sense) and 5’-CTGATGCTCTTCGTCCAGATCATCCTGATCG-3’ (antisense); for the Cx40 wild type allele (314 
bp), 5’-GGGAGATGAGCAGGCCGACTTCCGGTGCG-3’ (sense) and 5’-GTAGGGTGCCCTGGAGGACAATCTTCCC-3’ 
(antisense). Mice used in the experiments were from litters obtained after at least 10 backcrosses into the 

(Cx40+/+) were used for all experiments. 

Ca2+ measurements in the endothelial layer of fresh mouse aortic strips

by cervical dislocation and the thoracic aorta was quickly removed, cleaned and opened longitudinally. 
Aortic strips (of around 1 mm2) were then cut for Ca2+ measurements or immunostaining of native aortic 
endothelial cells. Ca2+ measurements in the endothelial layer of mouse aortic strips were performed as 
previously described [20

2, 2 CaCl2, 10 Glucose and 10 Hepes, pH 7.4. After 
being loaded, aortic strips were washed and clamped horizontally in the experimental chamber with the 
endothelial layer above. Dye-loaded aortic strips were then used for Ca2+ imaging experiments, using an 
Olympus upright microscope equipped with a 40× water immersion extra-long working distance objective. 

endothelial cells was collected between 515 and 550 nm using a Photometric Cool Snap camera.  Before 

to visualize the endothelial nuclei as demonstrated in Figure 1A. Image acquisition and data analysis were 
performed using IPLab software (Scanalytics, Inc). Images of the endothelial monolayer were acquired at a 2 
Hz frequency in all experiments. For analysis, self-ratio (Fluo-4 ratio) were calculated by dividing all images 

in single endothelial cells. All measurements were performed using IPLab and Excel software. As previously 

the smooth muscle layer can be excluded [20]. Moreover, we have previously reported that ACh does not 
trigger contraction of the smooth muscle layer in the mouse aorta [21]. In Figures 2C and 6C, the “% of whole 

2) that shows Ca2+ increases 
(>1.02 in Fluo-4 ratio) in response to bath application of ACh in control conditions or after preincubation 
of aortic strips with carbenoxolone, 1-octanol or suramin. For experiments shown in Figures 2A and 6B, a 

carbenoxolone and further ACh stimulation. 

Western blotting
Aortas were excised, rapidly placed into liquid nitrogen, reduced to powder, and homogenized by 

sonication in SDS Lysis Buffer (62.5 mM Tris-EDTA, pH 6.8, 5% SDS). Samples were processed as published 
[9, 15]. 
pinned on silicone, endothelium-side up. A scalpel was used to gently scrape off endothelial cells. Aliquots of 
endothelial cells were homogenized in SDS Lysis Buffer. Samples were equally loaded on a 10% polyacrylamide 
gel followed by electrophoresis and transferred onto PVDF membrane (Immobilon-P; Millipore, Volketswil, 
Switzerland). Protein content was measured using a detergent-compatible DC protein assay kit (Bio-Rad 
Laboratories, Reinach BL, Switzerland). Membranes were incubated for 1 hour in PBS containing 5% milk 

 rabbit 
anti-muscarinic ACh Receptor M3 (H-210) antibody (Sc-9108, 1/500, Santa Cruz Biotechnology, Inc), rabbit 
anti-Cx40 antibody (AB1726; 1:250, Chemicon), rabbit anti-Cx37 antibody (Cx37A11-A, 1:1000, Biotrend 
Chemikalien GmbH) or monoclonal antibody anti-alpha-tubulin (T5168, Sigma-Aldrich, 1:3000). After 
incubation at room temperature for 1 hour with a convenient secondary antibody conjugated to horseradish 
peroxidase (Fluka Chemie, diluted 1:20,000), membranes were revealed by enhanced chemiluminescence 
(ECL) according to the manufacturer’s instructions (Amersham Bioscience Europe). Densitometric analyses 
of immunolabeled proteins (western blots) were performed using the ImageQuant Software (Molecular 
Dynamics, Amersham BioscienceEurope).

http://dx.doi.org/10.1159%2F000343358
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En face immunostaining of muscarinic ACh receptors M3 and endothelial Connexins
Aortic strips from mouse thoracic aorta were clamped horizontally with the endothelial layer above 

washed and incubated with PBS containing 0.1% Triton X100 and 0.5% BSA for 15 min. After saturation, 
aortic strips were incubated overnight with a rabbit anti-(M3-mAChRs) (H-210) antibody (Sc-9108, 1/50, 
Santa Cruz Biotechnology, Inc) in PBS containing 0.1% Triton X100 and 0.5% BSA [22, 23]. After extensive 
washing, aortic strips were incubated for 1 h with an Alexa Fluor 488-conjugated donkey anti-rabbit antibody 
(Invitrogen) in PBS containing 0.1% Triton X100 and 0.5% BSA. Aortic strips were then washed and mounted 

by omitting the primary antibody. The % of endothelial cells stained with the M3-mAChRs antibody was 
assessed using ImageJ software. For M3 receptor/Cx40 and M3 receptor/Cx37 double immunostainings in 

to either mouse Cx40 (AB1726, 1/50, Millipore) or mouse Cx37 (Cx37A11-A, 1/50, Biotrend Chemikalien 
GmbH). Primary antibodies were detected using donkey anti-goat immunoglobulins labeled with Alexa 
Fluor 488 and donkey anti-rabbit immunoglobulins labeled with Alexa Fluor 594 (Invitrogen). For Cx40/

Cx40 was used (37-8900, Invitrogen, 1/200) and was detected using anti-mouse immunoglobulins labeled 
with Alexa Fluor 594 (Invitrogen).

Chemicals

en-30-oic acid 3-hemisuccinate) and suramin were from Sigma. Fluo-4AM was purchased from Molecular 
probes. 

Statistical analysis

way ANOVA was performed to compare the mean values between groups, using the post hoc Bonferroni test, 
as provided by The Statistical Package for the Social Science (SPSS 17.0, Chicago, IL). Student's t-test was 
used to compare data from two groups. P

Results

Heterogeneity of ACh-induced Ca2+ responses in the intact mouse aortic endothelium
Ca2+ imaging of intact aortic endothelium from Cx40+/+ and Cx40-/- mice was used to 

investigate the origin of heterogeneous Ca2+ signaling in response to global ACh stimulation. 

ACh triggered Ca2+ increases in only a fraction of native endothelial cells (Fig. 1B), whereas 
ATP stimulated Ca2+

ACh-induced Ca2+ increases in individual endothelial cells revealed highly heterogeneous 
Ca2+ responses in term of amplitude and kinetic among the population of endothelial cells 
displaying Ca2+ increases (Fig. 1D). Some endothelial cells responded by an early fast and 
high amplitude biphasic Ca2+ increase composed by a peak and a plateau phase (see picture 5 
and representative Ca2+ responses (cell a or d) in Fig. 1B and D), and are surrounded by cells 
displaying slower Ca2+ increases of lower amplitude (see picture 6 and Ca2+ responses for 
cells b and c or e and f in Fig. 1B and D) whose amplitude attenuates with the distance from 
cell a or d. This suggests that the fast biphasic Ca2+ increases occurring in some endothelial 
cells (for example cell a or d) spread towards adjacent cells (cells b and c or e and f, Fig. 1B 
and D). In contrast, ATP induced a fast and high amplitude Ca2+ increases (also composed by 
a peak and a plateau phase) that were synchronous and of similar amplitude and kinetic in 
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ACh-induced Ca2+ responses involve interendothelial cells communication in the mouse 
aortic endothelium
To investigate whether the spreading of ACh-induced Ca2+ increases occurs through gap 

junction channels or through a paracrine effect of ATP, we tested the effect of gap junction and 
purinergic receptor inhibition on the ACh-induced Ca2+ responses of Cx40+/+ aortic strips 
[24, 25]. As shown in Fig. 2A, preincubation of Cx40+/+ aortic strips with the gap junction 

Ca2+ increase occurring in cell (a) toward adjacent cells (b or c) while the amplitude of the 
fast ACh-induced Ca2+ increase of cell (a) remained unaffected (Fig. 2A-B). On the contrary, 

, did 
not inhibit the spreading of ACh-induced fast Ca2+ increases (Fig. 2B). As a positive control, 

Fig. 1. Heterogeneity of ACh-induced Ca2+ responses in the intact aortic endothelium from Cx40+/+ mice. A: 

in all the endothelium) from left to right before (image 1: control) and 2 seconds (s) and 36 s (image 2 and 

endothelium is intact as demonstrated by the visualization of the endothelial nuclei. B: Images 4, 5 and 
6 represent time sequences of Fluo-4 ratio images (corresponding to the experiment shown in panel A) 

stimulation. C: images 7, 8 and 9 represent time sequences of Fluo-4 ratio images before (image 7: control) 

c, d, e, and f, indicated by dotted ovals on images 3, 6 and 9) from two different areas of the endothelium 
2+ increases 

is represented. Arrows on the graphs indicate the time corresponding to the pictures shown in panels B and 
C. Stimulation of the endothelium with ATP was performed 30 min after ACh stimulation and after extensive 
washing of ACh to allow recovery to basal Ca2+ levels in the endothelium. This experiment is representative 
from 5 independent trials.
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we observed that suramin fully blocked the Ca2+ responses to exogenous ATP (Fig. 2B). 
Quantitative assessment of the percentage of cells showing Ca2+ 

suramin had no impact of the Ca2+  

fully blocked the spreading. Similar results were obtained when Cx40+/+ aortic strips were 
pre-incubated with 1-Octanol (4 mM), another gap junction inhibitor (Fig. 2C). 

Fig. 2. Gap junction 
blockers decrease the ACh-
induced Ca2+ responses 
in the endothelium from 
Cx40+/+ mice.  A: Effect 
of carbenoxolone (100 

2+ 
increases in the endothelium 
from Cx40+/+ mice. The 
image panel represent time 
sequences of Fluo-4 ratio 
images before (images 1 
and 4) and after global 
ACh stimulation of the 
same Cx40+/+ aortic strip 
in absence (images 1, 2 
and 3) or in presence of 

images 4, 5 and 6). After 

aortic strip was washed and 
pretreated for 30 min with 
carbenoxolone prior to ACh 
application. The lower panel 
(left) shows the time course 
of Fluo-4 ratio in individual 
endothelial cells (cells a, b 
and c, indicated on images 
by ovals) in control and after 
a 30 min preincubation with 

Arrows on the graphs indicate 
the time corresponding to 
the pictures shown. The bar 
chart on the right represents the average amplitude of ACh-induced Ca2+ increases in 9 cells displaying fast 
biphasic Ca2+

ATP-induced Ca2+ increases in the endothelium from Cx40+/+ mice. The left panel shows time sequences of 

4 ratio in individual endothelial cells (cells a, b and c, indicated on the third picture of the left pannel) for 

responding to ACh by Ca2+ increases in the aortic endothelium from Cx40+/+ mice. Numbers of experiments 
performed from 14 Cx40+/+ mice are indicated above bars.  

http://dx.doi.org/10.1159%2F000343358
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Immunolocalization of M3 muscarinic ACh receptors in the mouse aortic endothelium 
The endothelium from Cx40+/+ and Cx40-/- mouse aortic strips was immunostained 

using an anti-M3 muscarinic ACh receptors (M3-mAChRs) antibody [22, 23]. M3-
mAChRs staining was detected in only a fraction of endothelial cells both in Cx40+/+ and  
Cx40-/- mice (Fig. 3A). In Cx40+/+ mice, analysis revealed that M3-mAChRs were present in 

pattern of ACh responses observed in the mouse aortic endothelium could be linked to 

aorta of Cx40-/- and Cx40+/+ mice revealed that M3-mAChRs expression levels were 
 

(Fig. 3B).

Expression of the M3 muscarinic ACh receptors and the Cx40 and Cx37 in the aortic 
endothelium 
To evaluate whether the fraction of endothelial cells expressing M3-mAChRs  expresses 

aortic endothelium. Combining Cx40 (in red) with M3-mAChRs (in green) antibodies revealed 
the presence of Cx40 at regions of cell-cell contact between endothelial cells expressing M3-

Fig. 3. Immunolocalization and expression levels of M3 muscarinic ACh receptors in the aortic endothelium. 
A: En-face staining of M3 muscarinic ACh receptors in intact endothelium from Cx40+/+ and Cx40-/- mice 
(representative from 3 independent experiments). Left panel: immunostaining for M3 muscarinic ACh 
receptors (M3R) in intact endothelium from aortas of Cx40+/+ (upper) and Cx40-/- (lower) mice. Middle 
panel: immunostaining for M3 muscarinic ACh receptor (M3R) counterstained with DAPI to visualize 
nuclei of endothelial cells. Right panel: negative control by omitting the anti-M3 muscarinic ACh receptor 

 
and Cx40+/+ mice showing the expression levels of the M3 muscarinic ACh (M3R) receptor as well as 
Tubulin. Right: Quantitative assessment of the immunolabeled bands corresponding to the muscarinic ACh 
receptor (M3R) proteins normalized to Tubulin in the aorta from Cx40-/- and Cx40+/+ mice (6 Cx40+/+ and 
6 Cx40-/- mice) 
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mAChRs and adjacent endothelial cells in Cx40+/+ mice (Fig. 4A, upper panels). Consistently, 
Cx40 was not detected in the aortic endothelium of Cx40-/- mice (Fig. 4A, lower panels). 

that endothelial cells expressing M3-mAChRs also express Cx37 at plasma membrane both 
in Cx40+/+ and Cx40-/- mice (Fig. 4B and C). The expression of Cx37 was similar in the 
endothelial cells expressing the M3 muscarinic receptor compared to the surrounding 
endothelial cells. These data demonstrate that, in Cx40+/+ mice, the fraction of endothelial 
cells expressing M3-mAChRs formed gap junctions made of Cx40 and Cx37 with neighboring 
cells whereas in Cx40-/- mice, this subpopulation of endothelial cells can only communicate 
with adjacent cells through channels made of Cx37. Double immunolabeling of Cx40 and 

endothelial cells in Cx40+/+ mice. No Cx40 was detected in the endothelium of Cx40-/- mice 
and the Cx37 immunolabeling was decreased in those mice (Fig. 5A). Immunoblots analysis 
of an enriched fraction of freshly scraped endothelial cells of aortas revealed a 50% decrease 
in Cx37 levels in the aortic endothelium of Cx40-/- mice compared to Cx40+/+ animals (Fig. 
5B). Cx43 [9] or Cx32 [26] were not expressed in endothelial cells of Cx40+/+ or Cx40-/- 
mice (data not shown).

Fig. 4. Immunolocalization 
of the M3 muscarinic ACh 
receptors and the Cx40 
and Cx37 in the aortic 
endothelium. A: En face 
double immunolabeling 
of aortic endothelium 
of Cx40+/+ and Cx40-/- 
mice for muscarinic ACh 
receptor (M3R, green) and 
Cx40 (red). M3R staining 
was found limited to a 
fraction of endothelial cells 
and revealed a distribution 
of the receptor over the 
entire luminal surface of 
the cells. Cx40 staining 
clearly outlined the 
regions of cell-cell contact 
of each endothelial cell 
by discontinuous beaded 

label. Cx40 was absent in 
the Cx40-/- mice whereas 
muscarinic ACh receptor 
was not altered. B: En face 
double immunolabeling 
of aortic endothelium of 
Cx40+/+ and Cx40-/- mice for muscarinic ACh receptor (green) and Cx37 (red). In Cx40-/- mice endothelial 
cells expressing the muscarinic ACh receptor are connected to each other by Cx37 as observed by the 

shown in A and B in the merged pictures show a M3R and Cx40 expressing endothelial cell (cells a, d, g and 
j) and the adjacent endothelial cells expressing only Cx40 and/or Cx37-/- (cells b, c, e, f, h, i, k and l). This 
experiment revealed that in Cx40-/- mice, endothelial cells expressing the muscarinic ACh receptor are 
only coupled to surrounding endothelial cells through Cx37. Data are representative from 3 independent 
experiments. DAPI staining was used to visualize nuclei of endothelial cells.

http://dx.doi.org/10.1159%2F000343358
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Fig. 5. Decreased Cx37 
expression in the aortic 
endothelium of Cx40-/- mice. 
A: Antibodies detected Cx40 
and Cx37 between aortic ECs 
of Cx40+/+ mice whereas no 
Cx40 and decreased Cx37 
levels were found in ECs of 

blot analysis performed on 
enriched aortic endothelial 

absence of Cx40 and revealed 
a 50 % decrease of Cx37 
levels in the endothelium of  
Cx40-/- mice. (8 Cx40+/+ and  
8 Cx40-/- mice).

Fig. 6. Altered ACh-
induced Ca2+ responses 
in the endothelium from  
Cx40-/- mice. A: Time 
sequences of Fluo-4 ratio 
images corresponding to the 
evolution of Fluo-4 ratio in 
endothelial cells after ACh 
stimulation of aortic strips 
from Cx40+/+ and Cx40-/- 
mice. The bar chart on the 
left represents the average 
amplitude of fast biphasic 
ACh-induced Ca2+ increases 
in endothelial cells from 
Cx40+/+ and Cx40-/- mice 

lower panels (right) are 
representative time course of 
the Fluo-4 ratio in individual 
endothelial cells indicated 
on the upper image (a, b and 
c for Cx40+/+; d, e and f for  
Cx40-/-). B: Time sequences 
of Fluo-4 ratio images 
in endothelial cells after 
ACh stimulation of the same Cx40-/- aortic strip in control and after preincubation with carbenoxolone 
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ACh-induced Ca2+ responses in the intact endothelium from wild type (Cx40+/+) and  
Cx40-/- mice
Intercellular dye transfer experiments indicate that gap junctions made of Cx40 and 

Cx37 participate in cell-cell communication between endothelial cells [10, 11]. To assess 
the contribution of Cx40 and Cx37 in the spreading of ACh-induced Ca2+ responses, we 
investigated ACh-induced Ca2+ responses in the aortic endothelium from Cx40-/- mice, 
featuring also reduced Cx37 levels in the aortic endothelium [11, 15]. As shown in Fig. 6A, 
the amplitude of the early fast biphasic Ca2+ increases was not different in Cx40-/- mice when 
compared to their wild type littermate, indicating that the transduction pathway activated 
upon ACh stimulation is not altered in the endothelium from these mice. The propagation 
of ACh-induced fast Ca2+ increases toward adjacent cells was still observed in Cx40-/- mice 
(Fig. 6A-B). However quantitative assessment of the responding area revealed that the 

 Cx40-/- compared to Cx40+/+ mice 
(28 ± 4% (n n Cx40-/- and Cx40+/+ mice respectively) (Fig. 
6C). As a negative control of propagation, we observed that this spreading was completely 
blocked upon carbenoxolone treatment in Cx40+/+ and Cx40-/- mice, (Fig. 6B-C). Of note, 
carbenoxolone did not alter the amplitude of the fast biphasic Ca2+ increases (data not 
shown). 

Discussion

2+ increases in a fraction of native 
endothelial cells from mouse aorta (~40%) as already observed [18]. In rat thoracic aorta, a 
similar heterogeneity was observed in endothelial cells in response to ACh [27
that M3 muscarinic ACh receptors (M3-mAChRs) are expressed in a fraction of endothelial 
cells likely explain these results, as ACh-induced endothelial Ca2+ responses and relaxation 
have been demonstrated to rely on the activation of these receptors in the mouse aorta [21, 
28]. On the contrary to those evoked by ATP, ACh-induced Ca2+ responses were found to 

early fast and high amplitude biphasic Ca2+ increases, adjacent cells showed lower and 
slower increases in Ca2+. Our results demonstrate that the Ach-induced early fast biphasic 
Ca2+ increases spread toward adjacent cells through gap junction channels, as attested by 
its blockade by the gap junction blockers carbenoxolone or 1-octanol. Such spreading of 
ACh-induced Ca2+ signals is in accordance with dye transfer experiments showing extensive 
coupling between endothelial cells from the mouse aorta [10, 11]. In line with the work 
of Berra-Romani et al. [29], our results show homogenous endothelial Ca2+ signaling in 

, recently reported 
heterogeneous Ca2+ responses to ATP and demonstrated a role for endothelial gap junctions 
in the spreading of Ca2+ signaling in response to ATP stimulation [30]. This discrepancy 
could be due to differences in ATP concentrations used to stimulate endothelial cells or in 
the portion of the aorta used to perform the experiments.

The blockade of purinergic receptors did not prevent the spreading of the fast ACh-
induced Ca2+ increases, indicating that there was no paracrine effect of ATP released 
through hemichannels and/or pannexin channels. Therefore, in contrast to the response 
of mechanically stimulated cells, which involves an ATP-dependent paracrine effect [8], the 
propagation of ACh-induced Ca2+ increases is probably mediated by the intercellular diffusion 
of Ca2+, InsP3 or other intracellular messengers though gap junction channels [5, 6, 31-33]. 

Only ~6% of endothelial cells still displayed Ca2+ increases upon ACh stimulation when 
the propagation of the Ca2+ waves was completely blocked using the gap junction channel 

of the cells express the M3-mAChRs. Although it was not possible to perform M3 muscarinic 
receptors staining on the same preparation used for Ca2+ imaging, our data thus strongly 
suggest that the cells responding to ACh are those expressing the M3-mAChRs. Our results 
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Fig. 7. Role of endothelial connexins 
in the ACh-induced Ca2+ signaling. In 
Cx40+/+ mice, during ACh stimulation, 
endothelial connexins mediates 
the spreading of Ca2+ signals from 
endothelial cells expressing the M3 
muscarinic receptor to neighboring 
cells. In Cx40-/- mice, the absence of 
Cx40 and the decrease of Cx37 levels 

induced calcium signaling between 
endothelial cells.

also demonstrate that the percentage of cells exhibiting Ca2+ increases is reduced by 25% in 
Cx40-/- mice compared to Cx40+/+ mice. Interestingly, the percentage of ACh-responsive 
cells after gap junction blockade was similar in Cx40-/- and Cx40+/+ mice, indicating that 
the proportion of endothelial cells responding to ACh after gap junctions inhibition is not 
altered in Cx40-/- mice. Therefore, the reduced ACh-responding surface in Cx40-/- mice 
is mainly due to a reduction of the propagation of ACh-induced Ca2+ transients between 
endothelial cells, hence due to impaired gap junctional coupling. However the ACh-induced 
Ca2+ waves still occurred in the Cx40-/- aortic endothelium. Cx37 expression levels are 
reduced in the aortic endothelium from Cx40-/- mice and it was shown that both Cx40 
and Cx37 participate to gap junction-dependent coupling in the mouse aortic endothelium 
[10, 11, 15
junctions allowing the spreading of Ca2+ responses in the Cx40-/- aortic endothelium [15].
Therefore our results suggest that both Cx40 and Cx37 are functional components of inter-
endothelial cells gap junctions enabling the spreading of ACh-induced Ca2+ increases (Fig. 
7). In conclusion, we show that the highly heterogeneous cholinergic Ca2+ signaling in the 
mouse aortic endothelium is due to restricted M3-mAChRs expression on a subpopulation 
of endothelial cells and propagation of Ca2+ signals through gap junction channels composed 
of Cx40 and Cx37. 
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