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Abstract
Decreases in cardiac connexin43 (Cx43) play a critical role in abnormal cell to cell
communication and have been linked to the resistance of the female heart to arrhythmias. We
therefore hypothesized that Cx43 expression would be greater in female cardiomyocytes than male
cardiomyocytes under pathologic conditions. Adult ventricular myocytes were isolated from male
and female rats and treated with phenylephrine, a well established pathologic stimulus. Cx43 gene
and protein expression was determined. microRNA-1 expression, a microRNA known to control
Cx43 protein expression in cardiomyocytes, was also determined. Cx43 mRNA and protein levels
were significantly higher in the female cardiomyocytes than the male cardiomyocytes (mRNA:
1.4-fold; Protein: 5-fold, both p< 0.05) under both basal and pathologic conditions. Phenylephrine
treatment increased Cx43 expression only in female cardiomyocytes. Cx43 phosphorylation, a
marker of preserved Cx43 function, was also higher (P<0.05) and microRNA-1 expression was
lower (P<0.05) in the female cardiomyocytes after phenylephrine treatment. microRNA-1
expression was unchanged by phenylephrine treatment in male cardiomyocytes. Thus, a sex-
difference in microRNA-1 may be responsible for the sex-difference in Cx43 expression in
cardiomyocytes under pathologic conditions. Taken together our results demonstrate a sex-
difference in Cx43 expression and site specific phosphorylation that favors cardioprotection in
female cardiomyocytes.
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Introduction
Connexin proteins form intercellular pores in many tissues. Connexin43 (Cx43), Cx40 and
Cx45 are expressed in the heart with Cx43 being the predominant protein in the ventricular
myocardium. Connexin proteins oligomerize (form connexons), migrate to the cell

Correspondence to: Brian L. Stauffer, MD, FACC, Department of Medicine, Division of Cardiology, University of Colorado Denver,
12700 E. 19th Ave, B-139, Aurora, CO 80045, Tel: 303-724-5440, Fax: 303-724-5450, Brian.Stauffer@ucdenver.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Cardiovasc Pharmacol. Author manuscript; available in PMC 2012 July 1.

Published in final edited form as:
J Cardiovasc Pharmacol. 2011 July ; 58(1): 32–39. doi:10.1097/FJC.0b013e31821b70b4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



membrane and contribute to gap junctions. In gap junctions connexons enable rapid and
coordinated electrical excitation and facilitate the intercellular exchange of small molecules,
regulatory proteins and metabolites (~1kD). In the heart, normal gap junction expression and
phosphorylation is essential for organized myocellular electrical activity. Disease states,
such as ischemic heart disease and heart failure, decrease gap junction expression and cause
Cx43 dephosphorylation [1–5]. These changes in cardiac Cx43 produce heterogeneity in
intercellular communication and increase the propensity for cardiac arrhythmias [6–9].

A sex-difference in heart failure phenotype [10] and arrhythmic sudden cardiac death [11–
17] has been well established in humans. In the setting of coronary heart disease women are
at significantly lower risk than men of sudden cardiac death. While no study has determined
differences in Cx43 expression between the sexes in the human, a rodent model has shown
that higher levels of cardiac Cx43 in the female heart [18] are associated with lower lethal
arrhythmia susceptibility [19]. Abnormalities in cardiac Cx43 expression and
phosphorylation are believed to be the primary lesion contributing to arrhythmogenesis in a
number of syndromes, as they occur prior to other structural remodeling events [20–22].

The aim of the current study was to determine whether there are sex-specific differences in
myocellular Cx43 expression in isolated adult rat ventricular myocytes following a
pathologic stimulus. Since Cx43 turnover occurs on the order of hours [23] we expected the
sex-differences in Cx43 expression and phosphorylation to be a dynamic process following
pathologic stimuli. We specifically hypothesized that male cardiomyocytes would
demonstrate less Cx43 than female cardiomyocytes. To address this hypothesis we
determined Cx43 mRNA and protein expression in sex-specific cultured adult rat ventricular
myocytes stimulated with the α1-adrenergic receptor agonist phenylephrine, a well
established pathologic stimulus in vitro.

Methods
Sex-specific Adult Rat Ventricular Myocyte Isolation and Culture

All experimental protocols adhered to the guidelines for research and were reviewed and
approved by the Institutional Animal Care and Use Committee for the University of
Colorado Denver. Adult rat ventricular myocytes (ARVMs) were isolated using the methods
of Wolska and Solaro [24]. Briefly, rats of either sex (20 male, 20 female,15–19 weeks,
200–300 gm) were injected with heparin (5000U/kg i.p.). After 30 minutes, the rats were
deeply anesthetized with ketamine and xylazine. The hearts were quickly removed and put
into an ice-cold nominally calcium-free control solution (pH 7.4) containing (in mM): NaCL
(133.5), KCl (4), NaH2PO4 (1.2), HEPES (10), MgSO4 (1.2), glucose (11.1) and bovine
serum albumin (1g/L). Adherent non-cardiac tissue was trimmed and the heart retrograde
perfused (37°C) through aortic cannulation on a modified Langendorf apparatus, first with
the control solution and subsequently with the enzyme solution (control solution plus 0.02
mM Ca2+, collagenase II (Worthington Biochemical Co.) and Protease (Sigma). The aorta
and atria were removed and the myocytes dissociated. To isolate any intrinsic differences
between the male and female cardiomyocytes, the cells (3.0 ×105) were plated on 60 mm
dishes in serum-free and phenol red-free DMEM with L-carnitine (2mM), creatine (5mM)
and taurine (5mM) to remove any potential confounding due to activation of sex hormone
receptors [25] and improve longevity in culture [26, 27]. Ten mM 2, 3-butandione
monoxime (BDM) was added to the culture media to improve myocyte viability [28]. Cell
counting of 6 random fields to measure plating density was performed prior to treatment to
verify similar plating densities between sexes. Cells were cultured for 72 hours under basal
conditions with daily media changes as outlined above and then treated with the α1-
adrenergic receptor agonist phenylephrine (PE, 10 µM) or vehicle control for 24 hrs prior to
harvesting [29, 30]. To determine that the sex specific response to PE was mediated through
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the α1-adrenergic receptor (AR), a subset was pretreated with prazosin (PRZ, 100nM), an
α1-adrenergic receptor antagonist [31].

Hypertrophic Gene Expression
The expression of several genes known to be induced by PE [32] was determined by
RTqPCR using SYBR green and transcript specific primer pairs (ABI 7500) for the
natriuretic peptides, ANP and BNP, and the β myosin heavy chain (MyHC) isoform as
previously described [33]. Briefly, cells were harvested in 1 mL of TriZOL reagent and total
RNA was isolated according to the manufacturer’s recommendations. Reverse transcription
of total RNA (500 ng) was performed according to the manufacturers specifications (iScript,
Bio-Rad). Five ng of cDNA was used for each 25 µL PCR reaction performed according to
standard protocols using the ABI7300 (Applied Biosystems). All genes of interest (including
Cx43 below) were normalized to the expression of the 18S ribosomal RNA [33] and
changes in expression were evaluated using the ΔΔCt method as previously described [34].

Cx43 mRNA and Protein Expression
Expression of Cx43 mRNA was determined using RTqPCR and transcript specific primer
pairs (forward: 5’-GTG AAA GAG AGG TGC CCA GAC AT-3’; reverse: 5’-CCC CAA
GGC ACT CCA GTC A-3’) as outlined above. The protein fraction was resuspended in
Laemmli buffer (Bio-rad; 161-0737) in the presence of phosphatase and protease inhibitors
(β-glycerophosphate (1mM), sodium orthovanadate (1mM), aprotinin (1µM), leupeptin
(10µM) and phenylmethylsulfonyl fluoride (10mM)). Cx43 protein expression and
phosphorylation was determined by separating 25 µg of total protein using standard Western
blotting techniques on a 7.5% criterion gel (Bio-Rad) and transfer to a membrane (PVDF).
The membrane was then probed with commercially available antibodies specific for Cx43
(Santa Cruz Biotechnology: sc-9059) and Calnexin (as a loading control). Phosphorylation
at Cx43 serine 368 (S368) was demonstrated using an antibodies specific for
phosphorylation (Cell Signaling #3511S) and lack of phosphorylation (Invitrogen/Zymed
#13-8300) at this site. Expression was quantified using ImageJ (NIH) from
chemiluminescence exposed film.

microRNA-1 Expression
Reverse transcription of microRNA (miRNA) was performed using the TaqMan™
MicroRNA Reverse Transcription Kit (Applied Biosystems) according to manufacturer’s
recommendations [35]. Briefly, 5 ng of miRNA were combined with dNTPs, MultiScribe™
reverse transcriptase, and the primer specific for the target miRNA. The resulting cDNA was
diluted 15-fold and used in PCR reactions. PCR was performed according to manufacturer’s
recommendations (Applied Biosystems). Briefly, cDNA was combined with the TaqMan™
assay specific for the target miRNA, and PCR reaction was done using the ABI7300.
Expression of microRNA-1 (miR-1) was normalized to RNU66 expression.

Statistical Analysis
All data are presented as mean ± sem. Differences between treatment groups and sexes were
determined by Student’s t test for parametric data and Mann-Whitney testing for
nonparametric data. Statistical significance was set a priori at P < 0.05.
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Results
Sex-specific plating densities

Because Cx43 is a gap junction protein that may be influenced by cellular confluence,
random fields of each plate were counted prior to PE treatment. There were no differences in
plating density between the male and female cardiocytes (data not shown).

Expression of pathologic genes
As has been documented previously in isolated neonatal [36] and male adult cardiocytes
[37], PE induced the natriuretic peptides, ANP and BNP, and β-MyHC. However, there
were no differences in expression between the sexes (Figure 1). These findings indicate that
PE induces several of the hypertrophic genes in a similar fashion between male and female
cardiomyocytes and suggest that our pathologic stimulus was similar between sexes.

Expression of Cx43
PE is known to induce Cx43 expression in neonatal rat ventricular myocytes [30, 38]. Cx43
mRNA and protein expression were higher in female than male adult cardiomyocytes under
control conditions. PE treatment of sex-specific ARVMs increased Cx43 mRNA in both
male and female cardiomyocytes (Figure 2A).

Cx43 is known to be a phosphoprotein with several electrophoretic isoforms when analyzed
by SDS/PAGE. The fastest migrating form includes the non-phosphorylated form (P0) and
the two slower migrating forms commonly referred to as P1 and P2 contain unique post-
translational modifications [39]. After 96 hours in culture the P0, P1 and P2 bands migrated
to a similar extant as those bands from freshly isolated cells (data not shown). In contrast to
the mRNA expression above, only female cardiomyocytes demonstrate significantly higher
expression of total Cx43 protein (Figure 2B) and higher expression of each phosphorylation
isoform (Figures 2D, 2E and 2F) following PE treatment. In addition, female ARVMs
demonstrate significantly greater Cx43 expression (Figure 2B) and phosphorylation (Figures
2D, 2E and 2F) than male ARVMs under both basal and PE treated conditions. While no
significant difference in total Cx43 protein expression was noted between control and PE
treated male cardiomyocytes, PE treatment did produce a minor increase in the P1 band in
male ARVMs. Co-treatment of ARVMs with PE and prazosin (PPZ) completely abrogated
the PE stimulated increase in Cx43 expression and phosphorylation (Figure 2C) indicating
the changes are occurring through a pathway requiring the α1-adrenergic receptor.

PE treatment increased phosphorylation at S368 in both male and female cells. Interestingly,
phosphorylation of Cx43 at S368 was significantly higher in the female cardiomyocytes than
male cardiomyocytes under both control and PE treated conditions (Figure 3A and 3B). In
contrast, PE treatment did not influence the amount of Cx43 that lacked phosphorylation at
S368 in either sex (Figure 3C). This finding suggests that the large increase in Cx43
expression in the female cardiomyocytes (Figure 2) was predominantly associated with
phosphorylation at this site. Of note the non-phosphorylated S368 (NP-S368) Cx43 isoform
was slightly higher in the female ARVMs compared to the male ARVMs under control
conditions (1.0±0.1 vs 0.5 ± 0.1 AU, P < 0.001) but not following PE treatment (1.3 ± 0.3 vs
0.7 ± 0.2 AU).

microRNA-1 expression
micro RNA-1 (miR-1) expression modifies Cx43 expression and arrhythmia potential in
cardiomyocytes [40]. We therefore determined sex-specific changes in miR-1 in response to
PE as a potential mechanism underlying the sex-differences we observed in Cx43 protein
expression. miR-1 expression was significantly lower with PE treatment in the female
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ARVMs compared with the female control treatment (Figure 4). In contrast, no difference in
miR-1 expression was demonstrated in the male cardiomyocytes. As downregulation of
miR-1 increases Cx43 protein expression, these data suggest that miR-1 may play a role in
the sex-differences observed in Cx43 expression in ARVMs under pathologic conditions.

Discussion
To our knowledge this is the first study to evaluate sex-differences in the response of
ARVMs to PE treatment. There are several major findings in the current study. First, the up-
regulation of hypertrophic gene expression is similar between male and female ventricular
cardiocytes in response to PE treatment. Second, female cardiomyocytes demonstrate
greater Cx43 expression and phosphorylation than male ARVMs under basal conditions and
PE treatment increases Cx43 expression in female ARVMs but not male cells. Finally, PE
treatment decreases miR-1 expression only in female ARVMs. These results suggest both a
sex-difference in basal Cx43 expression in ventricular myocytes as well as a sex-difference
in Cx43 expression in response to a pathologic stimulus. These findings may be explained
by the sex-differences in Cx43 mRNA and miR-1 expression, respectively.

Sex differences in cardiac disease have been noted for several decades. Although frequently
associated with the vasculature [41], sex differences in the myocardium have been
demonstrated [42]. For example, under basal conditions, electrocardiographic QT intervals
are longer in women than men [43]. Following a similar mechanical load, the female heart
has greater hypertrophic reserve and remains in a more compensated state while the male
heart is more likely to decompensate to a dilated phenotype [44]. Furthermore, although this
disparity decreases with advancing age, the death rate for sudden cardiac deaths is 50%
higher in men than women, and the annual incidence is 3–4 times higher in men than women
[16, 17]. The mechanisms underlying these sex-differences remain poorly understood.

Given the importance of normal cardiac intercellular communication through gap junctions
it has been suggested that sex differences in Cx43, the major cardiac gap junction protein,
may be present in basal and pathologic conditions [18, 19, 42]. Several groups have
demonstrated that under basal conditions Cx43 mRNA [42] and protein [18] expression is
higher in the post-pubertal female heart compared with age-match males. Knezl et. al. found
that the basal sex-difference in Cx43 persisted in aging spontaneously hypertensive rats and
correlated with the predisposition to develop ventricular fibrillation [19]. Unfortunately,
these studies were all performed in the setting of heterogeneous endogenous hormone levels
which limit the ability to determine intrinsic sex-differences in cardiomyocytes.

The alpha-adrenergic agonist phenylephrine (PE) has been widely used in neonatal rat
ventricular myocytes to determine the mechanisms underlying changes in Cx43 expression
in the diseased heart. However, the neonatal heart is not as dependent on Cx43 as the adult
heart due to higher Cx40 expression, which may limit the utility of this model system [45].
Moreover, none of these studies use sex-specific cells in vitro and therefore provide no
insight into potential mechanisms underlying clinical sex-differences in heart failure and
sudden cardiac death. Consistent with prior data in vivo [46], PE treatment in ARVMs
resulted in a similar increase in ANP between the sexes. However, the current study also
found no sex-dependent differences in the expression of BNP and β-MyHC, two other
markers of cardiac pathology. This lack of difference confirms that the degree of pathology
induced by the stimulus is similar between the sexes. In contrast, this acute pathologic
stimulus produces a sex-difference in Cx43 expression and phosphorylation in
cardiomyocytes, thereby providing direct evidence for intrinsic differences in gap junction
regulation between males and females. To our knowledge no prior study has demonstrated
significant sex-differences in the phosphorylated Cx43 isoforms under pathologic conditions
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or determined changes in Cx43 expression in ARVMs following PE treatment, a model for
pathologic hypertrophy and heart failure.

Tribulova et. al. [18] demonstrated higher Cx43 expression in the intact aging female rat
heart when compared to age matched males. In a similar fashion, we demonstrate
significantly higher total Cx43 expression under basal conditions in cardiomyocytes in vitro.
However, we have expanded their findings by demonstrating greater phosphorylation under
both basal and pathologic conditions. It is possible that the prior study was underpowered to
see differences in basal phosphorylation, since they demonstrated marked trends toward
significance with an n of 6 animals/group. Post-translational modifications of connexins are
important for normal function [23, 39]. Phosphorylation appears to regulate channel function
and rates of channel assembly and turnover. Protein kinase C (PKC), a kinase downstream
from PE, is known to phosphorylate Cx43 at several sites including S368 [47]. On SDS-
PAGE, the phosphorylated isoforms can either co-localize with the non-phosphorylated
isoform or demonstrate slower migration. The migration characteristics are not completely
understood but appear to be dependent on the site(s) of phosphorylation and the cell type
under investigation [39].

One of the primary new findings of the current study is that under both basal and pathologic
conditions female cardiomyocytes maintain higher levels of Cx43. This sex-difference is
primarily found in the more highly phosphorylated isoforms. It may be that this sex
difference in Cx43 expression and phosphorylation causes important differences in cell to
cell connections, molecule trafficking and communication that will influence cardiac disease
development. Indeed, there are several lines of evidence for this in vivo. Lower Cx43
expression and phosphorylation increase arrhythmia formation in cultured cardiac myocytes
[48] and in vivo in animal models [19, 49, 50]. For example, hearts from normotensive or
hypertensive female rats are less susceptible to ventricular fibrillation than male
counterparts. The fibrillation risk in this study correlated with lower ventricular Cx43 levels
in the males [19]. Differences in Cx43 expression is noted between compensated and
decompensated cardiac disease in humans and animal models. Cx43 levels are higher in
compensated hypertrophy and attenuated levels are found in decompensated heart failure
and may contribute to the abnormalities in myocellular conduction and contractility and
cardiac arrhythmias in these patients [51, 52].

Our results show sex-differences in phosphorylation at the S368 site. Phosphorylation at this
site has several functional consequences [53]. The S368 site depends on Protein Kinase C
(PKC) for phosphorylation and produces changes in the selective permeability of the gap
junction complex in fibroblasts. In other model systems phosphorylation of S368 leads to
unchanged Cx43 permeation by current carrying ions but enhanced permeation to some
larger molecules [53, 54]. These changes are observed following ischemia ex vivo and are
believed to be protective [53]. Thus our results demonstrate a sex difference in the site
specific phosphorylation of Cx43 that favors a cardioprotective phenotype in the female
cardiomyocytes. Higher PKC activity has been demonstrated in the female rat liver than the
male liver [55]. Furthermore, sex differences in PKC activity has been attributed to greater
resistance to ischemia-reperfusion injury in the female heart [56]. PE treatment is known to
activate PKC through the α-adrenergic receptor. Thus it is possible that sex differences in
basal and α-adrenergic activation of PKC contributed to our findings.

MicroRNA (miRNA) are small non-coding sequences that modulate gene expression by
targeting mRNAs for post-translational repression through binding to the 3’-untranslated
regions [40]. Although changes in mRNA levels can be responsible for the sex difference in
Cx43 protein expression under basal conditions, the magnitude of change following PE
treatment is likely too great to be attributed solely to the mRNA changes. We therefore
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considered alternative protein regulatory pathways such as miRNA. miRNA-1 controls
Cx43 expression in other cell systems and has been linked to arrhythmic potential through
regulation of Cx43 in vivo [40]. The current study demonstrates that following PE treatment
female cardiomyocytes have lower miR-1 expression and higher Cx43 expression than
under basal conditions while there are no differences in miR-1 expression in the male
cardiomyocytes. These data suggest a regulatory role for miR-1 in the sex-difference in
Cx43 expression under pathologic conditions. Although, higher miR-1 expression has been
found in human ischemic hearts [40], no sex difference in miR-1 expression has been
previously demonstrated. It is interesting to note that miR-1 expression is similar in male
and female cardiocytes under unstimulated conditions. Therefore, miR-1 is unlikely to be
contributing to the sex-differences in Cx43 expression in the unstimulated cells. The
differences in Cx43 protein expression in the basal state may be transcriptionally regulated
as it parallels the sex-difference in Cx43 mRNA expression.

There are several important limitations of the current study. First, the current evaluation was
performed in the rat, thus potentially limiting the application to clinical diseases. However,
Vozzi, et. al. performed an extensive characterization of Cx43 in the human heart and
concluded that the ventricular Cx43 expression pattern is similar to that of other mammalian
species and therefore non-human species should provide reliable models [57]. Second, an in
vitro model was used. Multiple studies using nearly identical in vitro techniques have
determined important molecular pathways controlling Cx43 expression at both the mRNA
and protein level, as well as, functional implications of post-translational protein
modifications. Furthermore, culture in a serum free media without phenol-red provides
strong evidence of intrinsic sex-difference independent of the influence of sex steroids.
Finally, using the described techniques we are unable to determine the influences of these
sex-differences in Cx43 expression on gap junction properties. Investigations into the
functional implications of our findings will require additional research beyond the scope of
the current study.

In conclusion, the current study demonstrates a sex-difference in ARVM Cx43 expression
and phosphorylation at baseline and under similar pathologic stimulation between the sexes.
Our results suggest a sex difference in Cx43 isoform expression that favors a
cardioprotective phenotype in the female cardiomyocytes. These sex-differences in Cx43
may play a role in the sex differences in phenotype found in vivo. Finally, sex-differences in
miR-1 may be a mechanism underlying the differences in Cx43 protein expression between
male and female ARVMs and provide novel evidence for microRNA regulation of sex-
dependent phenotypes.
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Figure 1.
Pathologic gene induction by phenylephrine (PE) in ARVMs. Male and female ARVMs
were isolated as outlined in materials and method and treated for 24 hours with PE (10
mcM). Brain natriuretic peptide (BNP), atrial natriuretic peptide (ANP) and β-myosin heavy
chain isoform (β-MyHC) mRNA expression were determined by quantitative RT-PCR. PE
treatment produced similar induction of BNP (A), ANP (B) and β-MyHC (C) in both male
and female ARVMs indicated a similar pathologic response between the sexes. 20 hearts/
group, n = 30/group. Control vs PE: * P<0.05, ** P<0.01, *** P<0.0001.
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Figure 2.
Connexin 43 (Cx43) expression under basal and pathologic conditions. Female ARVMs
demonstrate higher Cx43 mRNA (Panel A) and protein (Panels B–F) expression than male
ARVMs under control and PE treated conditions. PE treatment increases Cx43 mRNA
expression in both male and female cardiomyocytes (Panel A). C: Representative Western
Blot of Cx43 phosphorylation isoforms separated by SDS-PAGE under control (C), PE and
PE+Prazosin (PPZ) treated conditions. All protein data is normalized to Calnexin, used as a
loading control. The faster migrating form includes the non-phosphorylated isoform (P0).
There are also at least 2 slower migrating isoforms (P1 and P2). Although PE treatment
increases the P1 isoform in male ARVMs (Panel E), PE treatment increases total Cx43 and
the P1 and P2 isoforms female ARVMs (Panels C, E, F). mRNA: 20 hearts/group, n = 30/
group; Protein: 11 hearts/group. Control vs PE: * P<0.05, ** P<0.01; Male vs Female: †
P<0.05, †† P<0.005, ††† P<0.0005.
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Figure 3.
Densitometric analysis (Panel A) and representative Western Blots (Panel B) of expression
of the Connexin 43 (Cx43) isoform phosphorylated at serine 368 (S368) under basal and
pathologic conditions. Female ARVMs demonstrate higher phosphorylation at S368 (p368)
under both basal and PE treated conditions. Phosphorylated S368 isoforms are higher
following PE treatment in both male and female ARVMs. Panel C: Representative Western
blot of nonphosphorylated Cx43 at S368 (np368). 4 hearts/group, n = 8/group. Control vs
PE: * P<0.05, ** P<0.01; Male vs Female: † P<0.05, †† P<0.01.
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Figure 4.
microRNA-1 (miR-1) expression is lower in female but not male ARVMs following PE
treatment. A decrease in miR-1 expression removes repression of Cx43 protein expression in
the female ARVMs. 9 hearts/group, n = 13/group. Control vs PE: * P<0.05.
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