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After a chronic increase in blood pressure, arteries undergo 
alterations of endothelial (ECs) and smooth muscle cells 

(SMCs) because of hemodynamic changes.1 Specifically, 
hypertension results in the hypertrophic remodeling of arterial 
walls,2,3 which associates with altered expression of connex-
ins (Cxs).4–8 These proteins form channels for the commu-
nication of ECs and SMCs, which is needed to coordinate 
vasoconstriction and vasodilation along the vessels.9 ECs pre-
dominantly express Cx37 and Cx40,5–7 whereas SMCs mostly 
express Cx43 and Cx45.5,6,10 Mice lacking Cx40 feature hyper-
tension4,6,11,12 because of increased secretion of renin4,13 and 
reduced relaxation of peripheral vessels.14 This effect may 
be the link to the decreased expression of endothelial nitric 
oxide synthase (eNOS),5,15 which impairs the release of NO, 
whereby ECs usually relax SMCs.4–6,13 Thus, restoration of 
Cx40 in ECs of Cx40−/− mice normalizes eNOS levels,8 sug-
gesting an interaction between these proteins. As yet, how-
ever, such interaction has not been tested during hypertension.

To investigate this question, we have subjected wild-type 
(WT) and Cx40-null mice (Cx40−/−)4,13 to conditions induc-
ing hypertension by either volume overload (after a 1-kidney, 
1-clip [1K1C] procedure16,17) or renin overproduction (after 

a 2-kidney, 1-clip [2K1C] procedure6). We show that Cx40 
consistently increased in aortic ECs, whereas Cx37 and Cx45 
increased in SMCs, irrespective of the mechanism leading 
to hypertension. In contrast, Cx43 only increased in SMCs 
during renin-dependent hypertension. The volume-dependent 
hypertension of WT mice was associated with an increased 
interaction between Cx40 and Cx37 with eNOS, whereas 
Cx40−/− null mice featured decreased levels of eNOS and 
increased phosphorylation of the enzyme. The results provide 
evidence that Cx40 and Cx37 of ECs activate different signal-
ing mechanisms depending on the cause of hypertension.

Methods
See online-only Data Supplement.

Results
1K1C Procedure Induces Volume-Dependent 
Hypertension
Compared with untreated WT controls, WT 1K1C mice fea-
tured increased blood pressure, heart weight, kidney index, 
and thickeness of the aortic media (Tables S2 and S3 in the 
online-only Data Supplement). These alterations occurred in 
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the presence of normal circulating levels of renin (Table S2), 
renal expression of the enzyme (Table S3 and Figure S1), and 
expression of the AT1a angiotensin II receptors (Table S3). The 
data show that the 1K1C procedure resulted in chronic hyper-
tension, affecting the aorta independently of renin signaling.

In the hypertensive Cx40−/− mice, the 1K1C procedure 
increased blood pressure and cardiac weight index because of 
the association of renin-dependent and -independent mecha-
nisms (Table S2). Thus, these mice featured aortic and renal 
alterations similar to those observed in the untreated Cx40−/− 
mice (Tables S2 and S3). Cx40−/− mice submitted to a uni-
lateral nephrectomy in the absence of arterial clipping (sham 
group) featured a drop in the circulating levels of renin which 
did not change other parameters (Tables S2 and S3). The data 
show that the 1K1C procedure did not alter most characteris-
tics of Cx40−/− mice.

2K1C Procedure Induces Renin-Dependent 
Hypertension
The 2K1C treatment increased the blood pressure, cardiac 
index, renin levels, and aorta thickness of WT mice, approach-
ing the values observed in the untreated Cx40−/− mice (Table 
S4). The data show that the 2K1C procedure mimicks the 
renin-dependent hypertension of mice lacking Cx40.

Volume- and Renin-Dependent Hypertension 
Differentially Regulates Aortic Connexins
The expression of Cx40 was higher in the aortas of hyper-
tensive 1K1C and 2K1C mice than in those of the corre-
sponding WT controls (Figure 1A; Figure S2). The protein 
was restricted to ECs, and this distribution was not altered by 
hypertension (Figure 1B and 1C; Figure S3).

The expression of Cx37 was also increased in the aortas 
of the hypertensive Cx40−/− and was not further modified 
by the 1K1C procedure (Figure 2A; Figure S2). Western 
blots of SMC- and EC-enriched samples showed that Cx37 
increased in the SMCs of all hypertensive models (Figure 2B; 
Figure S3), although decreasing in the ECs of Cx40−/− mice 
(Figure 2B and 2C). Immunostaining revealed that the protein 
was restricted to ECs of control mice, but was also found in 
the SMCs of Cx40−/−, 1K1C, and 2K1C mice (Figure 2D; 
Figure S3).

The expression of Cx43 by SMCs (Figure S3 and S4) 
increased in the aortas of Cx40−/−, Cx40−/− 1K1C, and WT 
2K1C mice (Figure S2 and S4). The expression of Cx45 was 
increased in all hypertensive animals (Figure S2 and S4). The 
data document a differential regulation of aortic connexins 
under various hypertensive conditions.

Figure 1. Connexin (Cx) 40 increases in the endothelial cells (ECs) of wild-type (WT) 1-kidney, 1-clip (1K1C) mice. A, Cx40 transcript 
(left panel) and protein (right panel) increase in the aortas of WT 1K1C mice and were not detectable in Cx40−/− and Cx40−/− 1K1C 
mice. Results are means+SEM. N=6. °P<0.05, °°P<0.01 vs respective controls. B, Immunostaining of aortas for Cx40 shows the spotted 
distribution of the connexin in the ECs of WT and WT 1K1C, but not in those of Cx40−/− and Cx40−/− 1K1C mice. Bar=30 μm. C, En-
face immunostaining confirms the distribution of Cx40 between the ECs of WT mice and the increased staining in the aortas of WT 1K1C. 
No Cx40 was detectable in Cx40−/− and Cx40−/− 1K1C mice. Bar=20 μm. L indicates lumen; and M, media.
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Function of eNOS Increases in 1K1C Mice
By immunofluorescence, most Cx40 and Cx37 were detected 
at the periphery of ECs (Figures 1 and 2; Figures S3, S5, 
and S7), whereas most eNOS was found in their cytoplasm 
(Figure S5). The expression of this enzyme was similar in 
all WT mice, but decreased in Cx40−/− mice (Figure 3A). 
The phosphorylation of eNOS at Ser-1177 (P-eNOS) was 
similar in the aortas of WT 1K1C and 2K1C mice (Figure 3; 
Figure S6), but increased in the aorta of Cx40−/− 1K1C mice 
(Figure 3A). These changes, which were paralleled by altera-
tions in Akt levels (Figures 3B; Figure S6), decreased and 
increased the production of NO in Cx40−/− mice (Figure 3C) 
and in WT 1K1C and Cx40−/− 1K1C mice (Figure 3C), 
respectively.

A tight association between eNOS and Cx40 was detected 
in both the cytoplasm and the membrane of ECs of WT 
(Figures S7A and S8), but not of Cx40−/− mice (data 
not shown). This interaction increased in the ECs of WT 
1K1C (Figure S7A), but not of 2K1C mice (Figure S8). 
Comparable observations were made with regard to the 

interaction between Cx37 and eNOS (Figures S7B and S8). 
Again, this interaction increased in WT 1K1C mice (Figure 
S7B), but not in WT 2K1C animals (Figure S8). Because of 
the downregulation of Cx37 after loss of Cx40 (Figure 2), 
this interaction was less abundant in the ECs of Cx40−/− 
mice (Figure S7B).

Discussion
The connexins expressed by ECs and SMCs have been 
implicated in the physiological function of arteries5,7 and 
their adaptation to chronic patho-physiological condi-
tions,10,18,19 specifically hypertension.6,20,21 Still, it is not 
clear whether vascular Cx are similarly changed in all 
forms of hypertension,22 and, if so, how these changes 
affect blood pressure.

Mice lacking Cx40 are chronically hypertensive because of 
increased secretion of renin4,13 and altered vasomotor tone,14,23–

25 which was attributed to either the loss of Cx40, the concur-
rent downregulation of Cx37 in ECs,5,25,26 or the upregulation 
of Cx43 in the SMCs.6,21 The selective restoration of Cx40 in 

Figure 2. Connexin (Cx) 37 increases in the smooth muscle cells (SMCs) of all hypertensive mice and decreases in the endothelial cells 
(ECs) of Cx40−/− mice. A, The levels of Cx37 transcript (left panel) and protein (right panel) were higher in the aortas of Cx40−/−, wild-
type (WT) 1-kidney, 1-clip (1K1C), and Cx40−/− 1K1C mice than in the aortas of WT animals. B, In EC-enriched extracts (left panel), Cx37 
protein is detected in the aortas of WT and WT 1K1C mice and is decreased in both Cx40−/− and Cx40−/− 1K1C mice. In contrast, in 
SMC-enriched extracts (right panel), Cx37 is increased in the aortas of all hypertensive mice. In all bar graphs, results are means+SEM. 
N=3–6. *P<0.05, **P<0.01, ***P<0.001 vs WT mice; °P<0.05, °°P<0.01, °°°P<0.001 vs respective controls. C, En-face immunostaining 
for Cx37 (yellow spots) reveals the expression of Cx37 between the aortic ECs of WT and WT1K1C mice and decreases in the aortas of 
Cx40−/− and Cx40−/− 1K1C mice. The red staining of cytoplasm is caused by the Evan’s blue counterstain. D, Immunostaining (yellow-
green spots) reveals the selective expression of Cx37 in the aortic ECs of WT mice and the appearance of Cx37 in the aortic media of all 
hypertensive mice. Bar=30 μm. L indicates lumen; M, media.
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the renin-secreting cells reduced hypertension by decreas-
ing renin secretion, whereas the Cx40 reexpression in ECs 
allowed for the normalization of Cx37 and eNOS without 
affecting blood pressure, suggesting that the coordinated Cx 
expression is altered during hypertension.8

To gain insights into this coordination, we first compared 
Cx changes in models of renin-dependent and -independent 
hypertension.4,6,16,17 We show that all hypertensive mice fea-
tured higher levels of Cx40 in ECs and of Cx37 and Cx45 in 

SMCs. In contrast, the expression of Cx43 was upregulated 
only under conditions of renin-dependent hypertension.6 
The data show that various Cxs differently change depend-
ing on the mechanism increasing blood pressure. The result-
ing vessel adaptation consistently induced the expression 
of Cx37 in SMCs by a mechanism which remains to be 
addressed. This change could reflect a loosening of the cor-
relation between Cx40 and Cx37 expression6,8 or an altered 
phenotype of the SMCs which, after prolonged hyperten-
sion, penetrate the intimal layer of vessels.1–3,9,10

Second, we focused on the relationship between Cxs 
and eNOS,5,8,15 a key EC enzyme for the production of NO, 
which relaxes SMCs, thus contributing to the control of 
blood pressure.5,14,22,25 We now show that volume-dependent 
hypertension promotes the interaction of Cx40 and Cx37 
with eNOS and that this interaction results in increased 
release of NO. Our data suggest that this interaction starts 
during the cytosolic trafficking of connexins, raising the 
possibility that it may be facilitated with partially oligo-
merized Cxs or individual connexons. How this interaction 
is established with Cx40 and Cx37 remains to be assessed. 
By analogy with other proteins targeted by NO, eNOS 
may react with a cysteine residue of the connexins, con-
sistent with the finding that Cxs can be post-translation-
ally nitrosylated.27–30 Our findings further document that, 
although volume- and renin-dependent hypertension simi-
larly increased Cx levels, the abundance of Cx-eNOS com-
plexes differed with the cause of hypertension. Given that 
angiotensin-II uncouples eNOS and decreases its levels via 
different signaling pathways,31,32 it is plausible that these 
pathways be also differently regulated in renin- and vol-
ume-dependent models of hypertension, possibly account-
ing for the apparent discrepancy mentioned above. The 
observation that hypertensive 1K1C mice display altered 
the relaxation of resistance arterioles16 suggest that the 
increase in NO resulting from the Cx-eNOS interaction is 
a compensatory reaction, mitigating the increase in blood 
pressure induced by volume overload. An analogous expla-
nation could account for the report that Tie2-Cx40 mice, 
which express Cx40 only in ECs and feature control levels 
of eNOS, were still as hypertensive as Cx40−/− mice.8 In 
this model, the normal levels of eNOS presumably ensure 
a normal arterial relaxation, contributing to counteract the 
increased blood pressure resulting from the loss of Cx40 in 
the renin-secreting cells.8

The association of volume- and renin-dependent hyperten-
sion increased by ≈10% the blood pressure of Cx40−/− mice. 
Under these conditions, we observed an increased phos-
phorylation of eNOS which by enhancing the activity of the 
enzyme33,34 could mitigate the reduced interaction between 
Cx and eNOS, resulting from the nil (Cx40) to lower (Cx37) 
levels of the former proteins. Further studies should directly 
test this possibility, inasmuch as WT 1K1C mice showed 
increased binding of Cx37/Cx40 to eNOS and increased NO 
production, in spite of a constant Ser1177 phosphorylation of 
eNOS.

In summary, the new data provide a plausible scenario for 
the involvement of vascular connexins in hypertension (Figure 
S9). The emerging mechanism is that loss of Cx40, which also 

Figure 3. Endothelial nitric oxide synthase (eNOS), 
phosphorylated eNOS (PeNOS), and P-AKT are differentially 
regulated in the aortas of hypertensive mice. A, The levels 
of eNOS (left panel) decrease in the aortas of connexin (Cx) 
40−/− and Cx40−/− 1-kidney, 1-clip (1K1C) mice, but not in 
the aortas of WT 1K1C mice. In contrast, PeNOS (right panel) 
selectively increased in the aortas of Cx40−/− 1K1C mice. 
B, AKT (left panel) decreases only in the aortas of Cx40−/− 
1K1C mice, and its phosphorylated form (P-AKT, right panel) 
increases in the same animals. C, Nitric oxide increases in the 
aortas of WT 1K1C and Cx40−/− 1K1C mice, but decreases 
in the aortas of Cx40−/− mice. Results are means+SEM. N=6. 
*P<0.05, **P<0.01, ***P<0.001 vs WT mice; °P<0.05, °°P<0.01 vs 
respective controls.
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reduces the expression of Cx37, decreases the interaction of 
these 2 Cxs with eNOS, reducing the production of NO which, 
in turn, fails to sufficiently relax the wall of resistance arteries. 
This effect enhances the amplitude of renin-dependent hyper-
tension, which is mostly caused by the direct transcriptional 
control of the renin gene by Cx40. On the other hand, the 
reconstitution of Cx40 in ECs, as well as the over expression 
of this connexin in ECs, leads to restored expression of Cx37, 
favoring the close interaction of Cxs with eNOS and the sub-
sequent increase in NO production.

Perspectives
Future work should investigate how Cx37 and Cx40 interact 
with eNOS.
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What Is New?
•	 We submitted renin-dependent hypertensive connexin (Cx) 40 null mice to a 

model of volume-dependent hypertension and document that Cx40 controls 
the expression and phosphorylation of endothelial nitric oxide synthase.

What Is Relevant?
•	Cx40 null mice are hypertensive because of increased renin secre-

tion and altered vasomotor tone as a result of reduced NO production. 
We show that, in the absence of Cx40, the combination of volume and 

 renin-dependent hypertension altered the expression of endothelial ni-
tric oxide synthase and its phosphorylation, providing for a mechanism 
whereby Cxs contribute to control blood pressure.

Summary

We document that Cx40 and Cx37 directly interact with endo-
thelial nitric oxide synthase, controlling the levels and the activ-
ity of the enzyme, thus modifying the production of NO during 
hypertension.

Novelty and Significance
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