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To evaluate sex differences in protein expression in the heart, we performed Western blot studies on a
subset of Heart Rhythm Determinant (HRD) proteins. We examined key components of a variety of types
of mechanical and electrical junctions including, connexin43, plakophilin-2, N-cadherin and plakoglobin,
ankyrin-2 and actin. We describe novel findings in sex differences in cardiac protein expression and
membrane localization. For most proteins examined, sex differences were significantly more pronounced
in the membrane compartment than in overall expression. These studies extend our previous findings in
microarray studies to demonstrate that sex differences in gene expression are likely to confer distinct
functional properties on male and female myocardium.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Significant differences exist between the sexes both in healthy
cardiac function and in the prevalence and presentation of arrhyth-
mia [1]. In physiological conditions, women display faster resting
heart rates [2,3], longer rate-corrected QT intervals [4,5], and
numerous other sex-associated electrophysiological differences
[1]. Moreover, these properties may be altered during specific
stages of the menstrual cycle [6]. In pathophysiological conditions,
female sex appears cardioprotective. Malignant ventricular
arrhythmias and sudden cardiac death are more common in men
[7,8], as is atrial fibrillation, the most common sustained arrhyth-
mia reported in clinical medicine [9,10]. Nonetheless, sick sinus
syndrome, paroxysmal supraventricular tachycardia and arrhyth-
mic events in the long-QT syndrome are more frequently observed
in women [11]. For example, women are significantly more suscep-
tible to drug-induced QT prolongation and Torsades de Pointes
[12-14]. Apart from these observations, however, we have little
mechanistic understanding of the molecular foundations that
underlie sex differences in cardiac function and dysfunction.

To elucidate the molecular mechanisms that determine sex
dichotomy, we and others have performed systematic microarray
analyses of sexual dimorphism in gene expression in the healthy
and failing heart [15-19]. As well as abundant differences in
expression of genes located on the sex chromosomes, the expres-
sion levels of many autosomal genes were also found to differ sub-
stantially between the sexes. Genes encoding various adrenergic
receptors, ion channels and transporters, and structural compo-
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nents of the intercalated discs form complex, intercoordinated
sex-specific networks [19]. Despite these observations, little is
known about sex differences in protein expression in the heart.

In our previous study, we profiled the ventricular transcripto-
mes of male and female adult mice with special emphasis on a de-
fined cohort of Heart Rhythm Determinant (HRD) genes [19]. HRD
genes have a demonstrated association with arrhythmia, either
through altered function after mutation or in response to different
expression patterns. In the present study, we performed quantita-
tive Western blot studies of a small subset of HRD in order to eval-
uate sex differences in protein expression. The HRD cohort almost
exclusively consists of membrane proteins and their binding part-
ners in junctional complexes. Membrane pools of junctional pro-
teins, including those that compose gap junctions, desmosomes,
adherens junctions and tight junctions, can be biochemically dis-
tinguished from non-junctional, cytosolic pools using non-ionic
detergents such as Triton X-100 [20,21]. In our present study, we
also applied this method of subcellular fractionation to examine
whether differences in HRD expression were reproduced in
membrane compartments where they are more likely to have a
functional role. Consonant with our findings in microarray experi-
ments, we found that a number of HRD proteins display significant
sex differences which are enhanced in functionally relevant subcel-
lular compartments.

2. Materials and methods
2.1. Animals

Wildtype C57BI/6] mice used in this study were purchased from
Charles River Laboratories International, Inc. (Wilmington, MA,
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USA). C57Bl/6] mice heterozygous for caveolin-3 (Cav3*/~) mice
were kindly gifted by the laboratory of Dr. Michael P. Lisanti (Tho-
mas Jefferson University, PA, USA). The experimental protocol was
approved by the AECOM Institutional Animal Care and Use Com-
mittee (IACUC). We have followed the IACUC program for preven-
tion of disease, daily observation and surveillance for assessment
of animal health, and the methods of animal handling, restraint,
anesthesia, and analgesia. Animal euthanasia respected the guide-
lines of the Panel on Euthanasia of the American Veterinary Med-
ical Association. For microscopy studies, cell cultures were
prepared from neonatal animals sacrificed on post-natal day 1.
For Western blot studies of wildtype expression, male (n = 8) and
female (n =8 at diestrus and n =28 at estrus) animals were sacri-
ficed at 8 weeks of age. For studies of expression in transgenic ani-
mals, a separate set of male and female wildtype mice were
selected (n=4) for comparison with caveolin-3 knockdown ani-
mals (n=4). To assess estrous cycle in females, vaginal lavage
was performed daily and vaginal cytology examined microscopi-
cally [22].

2.2. Antibodies

Primary antibodies used for the studies described below in-
cluded those raised against actin (AANO1-A; Cytoskeleton, Inc.,
CO, USA); connexin40, junction plakoglobin and N-cadherin (SC-
20466; SC-7939; SC-7900; Santa Cruz Biotechnologies, CA, USA);
caveolin-3 (610420; BD Transduction Laboratories, USA); connex-
in43 (C6219; Sigma, MO, USA); connexin45 (40-7000; Invitrogen,
CA, USA); and, plakophilin-2 (K44262M, Meridian Life Science,
Inc., ME, USA).

2.3. Specimen preparation for immunolabeling and microscopy studies

Cultures of mouse neonatal atrial cardiomyocytes were pre-
pared on 12 mm glass coverslips as described previously [23]. In
order to test in situ whether membrane complexes co-localizing
specific HRD proteins were resistant to Triton X-100 solubilization,
live cultures were treated according to the original protocol com-
municated by Musil and Goodenough [20] with minor modifica-
tions. Immunolabeling and epifluorescence microscopy were
performed as described previously [24]. For confocal analysis, sec-
tions were examined using an Olympus Fluoview 500 Laser Confo-
cal Microscope and Fluoview Software (Olympus America, Inc., PA,
USA). Figures were prepared using Image] Software (National Insti-
tutes of Health, MD, USA).

2.4. Sample preparation for Western blot studies

In order to quantify separately proteins localized in membrane
junctional structures from proteins localized elsewhere in cells,
differential solubilization of snap-frozen, mouse ventricular tissue
was performed using Triton X-100 [20,25,26]. Protein separation
and subsequent Western blotting procedures were performed as
described previously [27]. Bands obtained for immunolabeled pro-
teins were normalized to Ponceau S stainings of total protein trans-
ferred to Western blot membranes to avoid artifacts due possible
intrinsic sex differences in conventional housekeeping proteins.

2.5. Statistical analysis

All statistical analyses were performed using GraphPad Prism 5
(GraphPad Software, Inc., CA, USA). Data are expressed as
mean * SD. Statistical significance was evaluated by two-way AN-
OVA. Statistical differences were judged significant at p < 0.05 (x),
p<0.01 (*+) and p < 0.001 ().

3. Results

Our initial studies investigated the extent to which the Triton X-
100 differential solubilization protocol used by Musil and Gooden-
ough [20] could distinguish between membrane and cytosol-local-
ized connexin43. As illustrated in Fig. 1A, when cultured cardiac
myocytes were immunolabeled for connexin43, abundant gap-
junctional signal was visible at the interfaces between apposed cells
(arrows) as-well-as profuse non-junctional signal apparently label-
ing intracellular connexin43 (asterisk). Orthogonal sections (Fig. 1C
and D; planes indicated by arrow indents), confirmed the intracel-
lular location of this connexin43 signal. Treatment of live cultures
of cardiac myocytes with Triton X-100 prior to fixation dramatically
changed the intracellular localization pattern of connexin43. As
shown in Fig. 1B, a pattern of gap-junctional plaque labeling similar
to that observed in untreated cells was detected between abutting
cells incubated with Triton X-100 (arrows). In striking contrast,
however, neither cytosolic nor perinuclear label for connexin43
was detected in en face or orthogonal sections, indicating complete
removal of non-junctional connexin43 protein from Triton X-100
treated myocytes. Extension of these studies to other HRD mem-
brane proteins such as connexin40, connexin45 and plakophilin-2
revealed similar results (see Supplementary Fig. 1). These results
demonstrated that membrane-localized pools of certain junctional
proteins were resistant to solubilization by Triton X-100, and of-
fered a potential procedure whereby this subcellular compartment
could be differentiated from intracellular pools.

The next step was to determine whether this technique could
be applied to Western blot studies. To differentiate between sub-
cellular pools, neonatal mouse heart tissue samples were lysed
using Triton X-100, and detergent soluble and insoluble material
was separated by centrifugation. The upper immunoblot in
Fig. 1E shows a Western blot membrane illustrating connexin43
immunolabeling in each fraction. In Western blot studies, connex-
in43 typically presents as 1-3 bands which migrate within a range
of 40-47 kDa according to the degree of phosphorylation of the
protein [28]. A hallmark of membrane-localized, gap-junctional
connexin43 is that it exclusively comprises the phosphorylated
isotypes [20]. As highlighted by the magnified bands in the lower
panels in Fig. 1E, connexin43 in total tissue lysates comprised three
bands, representing phosphorylated (P1 and P2) and unphosphor-
ylated (PO) protein. Bands obtained in Triton X-100 soluble frac-
tions, taken to represent non-junctional, cytosolic connexin43
displayed a similar migration pattern. However, bands obtained
in Triton X-100 insoluble fractions, presumed to represent gap-
junctional connexin43, were the phosphorylated P1 and P2 iso-
types alone. No unphosphorylated connexin43 was detectable.
Thus, these results confirmed earlier findings by the Musil and
Goodenough [20], and our immunoconfocal results, that mem-
brane-localized, junctional connexin43 was resistant to Triton X-
100 solubilization, and could be distinguished from cytosolic conn-
exin43 due to this property.

The final stage to validate this technique was to assess the
quantitative potential of Western blot data. As shown in Fig. 1E,
insoluble and soluble fractions were immunoblotted alongside to-
tal lysate samples. In order to be truly quantitative, the sum signal
of insoluble and soluble bands should match closely signal ob-
tained for total bands. The bar chart in Fig. 1F proved this to be
the case. Scanning densitometry of Western blot bands revealed
that the difference between “total” and “insoluble + soluble” was
approximately 10% and statistically insignificant. Taken together,
these data confirm the validity of this technique for quantitative
Western blot studies.

Having confirmed the efficacy of differential Triton X-100 solu-
bilization of different subcellular pools of HRD proteins, we used
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Fig. 1. Differential solubilization of junctional and non-junctional pools of connexin43 using Triton X-100. Panels (A) and (B) depict confocal micrographs of
immunofluorescent label for connexin43 (green) in isolated mouse neonatal atrial cardiomyocytes. Gap-junctional plaques (arrow heads) and intracellular connexin43
(asterisk) are indicated. +/— TX-100 denotes incubation with or without Triton X-100 prior to fixing. XZ and YZ orthogonal sections are shown adjacent to each micrograph.
Planes in which slices were made are indicated by arrow indents. Bar: 25 pm. Note, complete absence of intracellular connexin43 after Triton X-100 treatment. The
immunoblot shows Western blot analysis of connexin43 in mouse neonatal cardiac tissue. Note, different phosphorylation profiles in insoluble and soluble fractions.
Quantification of bands shows that similar quantities of connexin43 protein are localized in both the insoluble and soluble fractions. The sum of band intensities for the
junctional and non-junctional samples closely matches the signal obtained for the total samples demonstrating the high accuracy of quantification attainable using this
method and represents a powerful internal control (n =4; p <0.001**, p > 0.05 demonstrates no significant difference). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

this technique to examine sex differences in HRD expression. Fe-
male animals were subdivided according to their estrous cycle
stage in order to examine whether this parameter altered expres-
sion and localization levels. Fig. 2 shows sex and estrous cycle
stage differences in expression of the HRD proteins connexin43
(A), plakophilin-2 (B), N-cadherin (C) and plakoglobin (D) in adult
mouse ventricle. While little difference in overall expression of
connexin43 and plakophilin-2 was detected between the sexes,
protein localized in junctional fractions displayed a significant pre-
dominance in both female sets of samples. Compared to males,
connexin43 localization was approximately 70-80% higher in dies-
trus (p <0.01) and estrus (p < 0.001) females. Plakophilin-2 locali-
zation was approximately 25% higher in diestrus (p <0.01) and
estrus (p < 0.05) females.

In contrast to connexin43 and plakophilin-2, sex dichotomy of
expression and localization of N-cadherin appeared heavily depen-

dent on the estrous cycle stage of the female animals. Inspection of
data for total samples indicated that males and diestrus females
express similar quantities of N-cadherin. However, expression of
N-cadherin was significantly lower in estrus females (~50%;
p <0.001). More dynamic changes were observed in N-cadherin
localization. Lower total expression of N-cadherin was replicated
precisely in junctional fractions of estrus females (~50%;
p <0.001). But in counterpoint, far greater quantities of N-cadherin
were localized in junctional fractions in diestrus females (~40%;
p <0.001) than total expression suggested. By comparison, no dis-
cernable patterns of sexual dimorphism were observed in plako-
globin, ankyrin-2 (not shown) and B-actin (not shown)
expression or subcellular localization.

A key observation in these experiments was that quantities of
proteins localized in junctional fractions were not well predicted
by total cellular expression of those proteins. These data suggested
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Fig. 2. Heart rhythm determinants display prominent sex differences in expression and subcellular localization. Panels (A)-(D) show Western blot experiments and
quantitative analysis of connexin43, plakophilin-2, N-cadherin and plakoglobin in adult mouse heart (8 weeks). Example immunoblots illustrate differences in total
expression and in insoluble:soluble ratios between the sexes (arrows indicate relevant bands; lower plakoglobin band was assumed non-specific). Bar charts demonstrate
significant sex differences in total expression and junctional localization for connexin43, plakophilin-2 and N-cadherin between males (black bars), diestrus females (gray
bars) and estrus females (white bars). No significant sex differences were detected for plakoglobin. Relative expression ratios are tabulated below. Positive fold values are
given in instances of higher male quantities, or their negative reciprocals in instances of higher female quantities, e.g. for connexin43—2.1 denotes 2.1-fold higher expression

in females (n =8; p <0.05%, p < 0.01**, p < 0.001***).

that additional post-translational mechanisms regulated HRD
abundance at cell membranes. Recently, caveolin-3 was discovered
to regulate gap junction remodeling through interactions with
estrogen receptors [44]. Therefore, to investigate whether caveolae
play a role in sex differences in membrane localization, the expres-
sion levels and localization caveolin-3 were evaluated in male and
female animals. As shown in Fig. 3A, caveolin-3 displayed similar
expression and detergent solubility profiles in both sexes. To probe
deeper, we examined how alterations to caveolin-3 expression af-
fected patterns of HRD expression and detergent solubility. Fig. 3B

and C shows results obtained for caveolin-3 and connexin43 in
mice heterozygous for the caveolin-3 gene and a new group of
wildtype mice. Heterozygous mice were chosen in order to avoid
potential unrelated, pleiotropic effects which may come about
due to complete knock-out of caveolin-3. Wildtype and transgenic
female mice were all in the diestrus phase of the estrous cycle. To-
gether, these data demonstrate that ~70% reduction in caveolin-3
expression has little effect on connexin43. Identical to results
shown in Fig. 2A, ratios of Triton X-100 insoluble:soluble connex-
in43 indicated higher quantities of gap-junctional connexin43 in
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Fig. 3. Caveolin-3 displays little involvement in HRD sex differences. (A) Quantitative Western blot analyses of caveolin-3 in adult wildtype mouse ventricle show no
apparent sex differences in expression or detergent solubilization. In caveolin-3 heterozygotes, substantial reduction in caveolin-3 (B) protein quantities has little impact on
connexin43 (C) expression and subcellular localization (n = 4; n.d.—not done; p < 0.05% p <0.01**, p < 0.001***).

female ventricle. This distinct pattern was retained in caveolin-3*/~
tissue, potentially excluding the possibility that this phenomenon
is regulated by caveolin-3 expression. Although, it is indeed possi-
ble that there is a specific threshold that lies below ~70% wherein
caveolin-3 expression become paramount sex dichotomy of HRD
expression.

4. Discussion

Few studies have investigated sex differences in gene expres-
sion in the heart [15-19,29,30]. Fewer still have examined sex dif-
ferences in cardiac protein expression [30,31]. In the present study,
we report novel data for connexin43, plakophilin-2, N-cadherin,
plakoglobin and caveolin-3, demonstrating significant sex dichot-
omy in the protein expression in the heart. These proteins repre-
sent key components of a variety of mechanical and electrical
junction types, each of which uphold pivotal roles in healthy car-
diac function.

In the mouse heart, we found that localization of connexin43 in
the junctional compartment was substantially higher in females.
No differences were detected in comparisons between diestrus
and estrus females. Our findings are supported by previous studies
connexin43 expression in female rat ventricle which reported sim-
ilar elevations [31]. Superior expression of connexin43 is associ-
ated with a reduced susceptibility to ventricular fibrillation in
female rats [32]. This raises the possibility that elevated connex-
in43 expression is cardioprotective. In the heart, a high conduction
reserve means that much of the electrical coupling available to the
myocardium is redundant [33]. Thus, the benefits of higher quan-
tities of gap junction channels composed of connexin43 may only
become apparent under pathophysiological conditions where
connexin43 expression and localization is altered. An observation
that supports this notion is that conduction velocity of impulse
propagation, as measured by optical mapping, is comparable in
male and female rat ventricles under healthy conditions [34]. How-
ever, conduction of the cardiac impulse under diabetic conditions
is more sensitive to perturbation in male rats than in females
[34]. These findings were associated with significantly higher
quantities of connexin43 localized to the intercalated discs of fe-

male cardiomyocytes, supporting the hypothesis that elevated
connexin43 expression contributes to cardioprotection under dis-
ease conditions.

Besides gap junctions, the plasma membranes of cardiomyo-
cytes are populated by a variety of mechanical junctions including
adherens junctions and desmosomes. We examined the expression
and subcellular localization of three protein components of the
desmosomes and adherens junctions: plakophilin-2, N-cadherin
and plakoglobin, ankyrin-2 and actin. Adherens junctions and des-
mosomes are responsible to withstand mechanical stresses within
the myocardium as it undergoes contraction. Thus, the differences
in expression of these junctional proteins potentially represent the
different mechanical demands of male and female ventricles. In-
deed, most studies into the pathophysiology of ARVC have focused
on the disruptions to intercellular adhesion by mechanical stress
[35-37]. Targeted disruption of plakophilin-2, N-cadherin, plako-
globin and ankyrin-2 expression in transgenic mouse models is
associated with dramatic reorganization of gap junction size, num-
ber and distribution [38,39]. Therefore, an additional hypothesis is
that defects in cell-cell adhesion may in turn destabilize gap junc-
tions and potentially alter electrical coupling [40,41].

It is noteworthy that in most cases described in this study, the
quantities of heart rhythm determinant proteins that were local-
ized to cardiomyocyte membranes were largely different from
those predicted by overall expression amounts. On most occasions,
it was only upon inspection of membrane pools that significant sex
differences arose. These findings also suggested that sex differ-
ences in protein localization may be mediated by mechanisms
other than expression alone. To probe this hypothesis further, we
examined whether interactions with caveolae could bring about
the sexual dimorphism we detected in membrane-localization pat-
terns. Caveolin-3 is a binding partner of connexin43 [42,43]. Re-
cently, it was shown that interaction of estrogen receptor oo and
caveolin-3 regulates connexin43 phosphorylation and membrane
localization in metabolic inhibition-treated rat cardiomyocytes
[42]. Disappointingly, we found scant evidence to implicate caveo-
lin-3 involvement in connexin43 sex differences, indicating that
any role for caveolin-3 in sex dichotomy of HRD localization is
likely independent of its expression levels.
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In conclusion, we have shown that significant sex differences
exist in the localization of key proteins at the intercalated discs be-
tween cardiac myocytes. Moreover, we have also shown that pat-
terns of protein expression and localization may also be affected
by the estrous cycle stage in females. Together, these studies ex-
tend our previous findings in microarray studies to demonstrate
that sex differences in gene expression are likely to confer distinct
functional properties on male and female myocardium.
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