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Abstract

Normal atrial conduction requires similar abundances and homogeneous/overlapping distributions 

of two connexins (Cx40 and Cx43). The remodeling of myocyte connections and altered electrical 

conduction associated with atrial fibrillation (AF) likely involves perturbations of these connexins. 

We conducted a comprehensive series of experiments to examine the abundances and distributions 

of Cx40 and Cx43 in the atria of AF patients. Atrial appendage tissues were obtained from patients 

with lone AF (paroxysmal or chronic) or normal controls. Connexins were localized by double 

label immunofluorescence confocal microscopy, and their overlap was quantified. Connexin 

proteins and mRNAs were quantified by immunoblotting and qRT-PCR. PCR amplified genomic 

DNA was sequenced to screen for connexin gene mutations or polymorphisms. Immunoblotting 

showed reductions of Cx40 protein (to 77% or 49% of control values in samples from patients 

with paroxysmal and chronic AF, respectively), but no significant changes of Cx43 protein levels 

in samples from AF patients. The extent of Cx43 immunostaining and its distribution relative to 

N-cadherin were preserved in the AF patient samples. Although there was variability of Cx40 

staining among paroxysmal AF patients, all had some fields with substantial Cx40 heterogeneity 

and reduced overlap with Cx43. Cx40 immunostaining was severely reduced in all chronic AF 

patients. qRT-PCR showed no change in Cx43 mRNA levels, but reductions in total Cx40 mRNA 

(to <50%) and Cx40 transcripts A (to ~50%) and B (to <25%) as compared to controls. No Cx40 

coding region mutations were identified. The frequency of promoter polymorphisms did not differ 

between AF patient samples and controls. Our data suggest that reduced Cx40 levels and 

heterogeneity of its distribution (relative to Cx43) are common in AF. Multiple mechanisms likely 
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lead to reductions of functional Cx40 in atrial gap junctions and contribute to the pathogenesis of 

AF in different patients.
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1. Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia. It is characterized by a rapid 

and irregular electrical activation and the loss of atrial muscle contractility. The 

pathogenesis of AF involves initiating triggers (often rapidly firing ectopic foci located 

inside the pulmonary veins) and an abnormal atrial tissue substrate that maintains the 

arrhythmia [1, 2]. The tissue substrate is determined in large part by the abundance and 

distribution of intercellular channels contained within atrial gap junctions [3]. Gap junction 

channels allow the exchange of ions (and small molecules) between adjacent cells. These 

channels are critical for normal electrical conduction in all regions of the heart.

Atrial gap junctions are comprised of two different subunit proteins, Connexin40 (Cx40) and 

Connexin43 (Cx43). They are each abundantly expressed by atrial myocytes with similar 

abundances and highly overlapping distributions. Together, Cx40 and Cx43 determine the 

properties of intercellular conduction within this tissue [4, 5]. Various alterations of both 

Cx40 and Cx43 have been observed in animals and human patients with AF (reviewed in 

[6]). However, these studies have produced confounding results that may have resulted from 

the different etiologies and durations of AF in these patients, the extent of failure, and 

structural heart disease. Some previous investigations only examined individual aspects of 

connexin biology, like distribution, expression, mutations, or gene polymorphisms.

Therefore, we sought to perform a comprehensive study of human AF patients (and controls) 

covering as many aspects of connexin expression and distribution as can be studied with 

currently available tools. We also sought to avoid confounding issues that might arise due to 

pre-existing valvular disease or myocardial failure. About 15% of AF patients have “lone 

AF” which develops in apparently normal hearts in the absence of structural abnormalities. 

We studied the atrial tissue obtained from a group of patients who underwent surgical 

ablation of their lone AF. The differences in distributions and abundances of Cx40 and Cx43 

were evaluated as were possible genetic reasons for those abnormalities.

2. Materials and Methods

2.1. Patients and tissues

Tissue samples from the left atrial appendage were obtained during surgical ablation of the 

arrhythmia in patients with atrial fibrillation (by SA). Immediately after collection, tissue 

samples were snap frozen in liquid nitrogen and stored at −80 °C. This protocol was 

approved by the Institutional Review Boards at the authors’ institutions.
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All patients had lone AF, without evidence of structural heart disease or abnormal heart 

function. Although patient samples were de-identified, limited patient information is 

summarized in Supplemental Table 1. The study included 8 patients with chronic AF (CAF) 

and 16 patients with paroxysmal AF (PAF). 8 control samples were obtained from hearts not 

used for transplantation. All groups contained both females and males. The patients were 

predominantly Caucasian (one African American). The ages of patients ranged from 26 to 

85 with an average age of 52 across all groups.

The quality of all samples was judged to be excellent based on our abilities to isolate protein 

and intact nucleic acids and to perform histology. However, for some samples, the limited 

amounts of tissue precluded performing all assays (like quantitative confocal microscopy). 

All CAF (8) and PAF (16) samples were used for immunoblots and qRT-PCR.

2.2. Antibodies and fluorescent lectin

Cx40 was detected using rabbit polyclonal antibodies directed against the carboxy-terminal 

domain of Cx40 (cat. no 36-4900 Life Technologies, Grand Island, NY). It was used at 

1:300 dilution for immunofluorescence and at 1:1000 dilution for immunoblotting. Cx43 

was detected using a mouse monoclonal antibody directed against amino acids 252-270 

(MAB 3067, Millipore/Chemicon, Billerica, MA) for immunofluorescence at dilution 1:200 

or using rabbit polyclonal antibodies directed against amino acids 363-382 of human/rat 

Cx43 (C6219, SIGMA Chemical Company, St. Louis, MO) at 1:1000 dilution for 

immunofluorescence and at 1:10,000 dilution for immunoblotting. Mouse monoclonal anti-

N-cadherin antibodies (cat. no 33-3900 Life Technologies, Grand Island, NY) were used at 

1:500 dilution for immunofluorescence. Mouse monoclonal anti-GAPDH antibodies were 

obtained from Life Technologies (cat. no 39-8600) and used at 1: 500 dilution for 

immunoblotting to verify accuracy of protein loading after treating blots with Restore Plus 

Western blot stripping buffer (Thermo Fisher Scientific Inc., Waltham, MA). Cy3-

conjugated goat anti-rabbit IgG and HRP-conjugated goat anti-rabbit or anti-mouse IgG 

antibodies were obtained from Jackson ImmunoResearch (West Grove, PA).

Wheat Germ Agglutinin (WGA)-Texas Red®-X conjugate (Life Technologies) was used at 

1:200 dilution.

2.3. Immunoblot analysis

Heart tissue was disrupted in a glass Kontes homogenizer using 25–100 μl of 50 mM Tris-

HCl (pH 8.0) buffer containing 150 mM NaCl, 1% Triton X-100, 0.02% sodium azide, 50 

mM sodium fluoride, 0.5 mM sodium orthovanadate, and Roche mini EDTA-free protease 

inhibitors (Roche Applied Science, Indianapolis, IN) (one tablet per 5 ml of lysis buffer)[5].

The protein concentrations of homogenates were determined using the method of Bradford 

(1976) [7] (Bio-Rad, Richmond, CA). Aliquots containing 2.5 μg of protein were separated 

by SDS-PAGE on 10% polyacrylamide gels and blotted onto Immobilon-P membranes 

(Millipore, Bedford, MA). [5] Rainbow molecular weight marker standards (GE Healthcare 

Biosciences, Pittsburgh, PA) were used to calibrate the gels. Immunoblots were developed 

with ECL chemiluminiscence reagents (GE Healthcare Biosciences) and exposure to X-ray 

film.
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2.4. Immunohistochemistry

Four to six cryosections (approximately 8 μm thick) of each left atrial appendage sample 

were put on one slide. At least four slides were prepared for each patient sample. Slides 

were fixed with 3% paraformaldehyde for 15 minutes and then blocked for 30 minutes at 

room temperature using buffer composed of 10% heat inactivated normal goat serum in PBS 

containing 0.75% Triton X-100. Slides were then incubated with primary antibodies diluted 

in blocking solution overnight at 4 °C. Following incubation with primary antibodies, slides 

were washed six times for five-minutes with PBS. Each slide was then incubated with 

secondary reagents at room temperature for 75 minutes. For WGA staining, the blocking 

step was omitted; fixed sections were incubated for 10 min with WGA-Texas Red-X. 

Afterwards, the slides were extensively rinsed again with PBS. Each slide was mounted with 

a cover slip using Prolong Gold anti-fade reagent (Life Technologies). Slides were sealed 

and stored in darkness at 4 °C.

2.5. Confocal imaging

A Leica TCS SP2 laser scanning confocal microscope was used to examine the distributions 

and co-localization of Cx40 and Cx43 or a connexin and N-cadherin in human atrial 

sections. For each patient, at least five images were captured using the 63X glycerol 

immersion objective. For co-localization studies each image included 3 channels: Cy3, Cy2, 

and differential interference contrast (DIC). Snapshots of images from each channel as well 

as all combinations of channel overlap were recorded. For all samples, the laser voltage at 

which images were captured in each filter was kept constant in order to minimize 

differences in connexin detection between samples. Images were acquired using sequential 

laser scanning to avoid bleed-through. The plane and quality of sections were evaluated 

using DIC, and flat, even sections were subsequently photographed. All images were 

captured within one week of sectioning and staining. Images of sections stained with WGA-

Texas Red-X were captured using a 20X objective (at least 5 images per sample).

2.6. Analysis of confocal images

2.6.1. Colocalization analysis—Image analysis for colocalization of Cx43 and Cx40 (or 

connexins and N-cadherin) was performed using the JACoP plugin for Image J software 

(http://rsb.info.nih.gov/ij/) as described by Bolte and Cordelières, 2006. [8] The program 

analyzes image pairs of the same visual field using a compilation of general colocalization 

indicators. In the present study, each image pair consisted of one image from the Cy3 

channel for Cx40 and one image from the Cy2 channel for Cx43. All images were acquired 

in such a way as to minimize variation in connexin staining intensity within each channel. 

Image pairs were analyzed using Mander’s coefficients, which do not use average pixel 

intensity in evaluating colocalization. Mander’s coefficients’ are, however, very sensitive to 

non-specific staining or “background.” In order to exclude such non-junctional staining from 

the Mander’s calculation, a threshold level of pixel intensity was measured and subtracted 

from each image. We determined the areas encompassed by gap junction staining (for each 

connexin) based on the number of pixels above threshold intensity using Image J [8] 

similarly to the approaches described previously [9, 10]. The extent of overlap of the two 

connexins in each double label pair was quantified using the Colocalization Threshold plug-
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in to the Image J software. A single Mander’s calculation produces two colocalization 

coefficients, M1 and M2, with values between 0 (no colocalization) and 1 (perfect 

colocalization). In this paper, M1 is an expression of the overlap of Cx43 on Cx40 (Cx40 

pixels that also contain Cx43), while M2 is a measure of the overlap of Cx40 on Cx43 

(Cx43 pixels that also contain Cx40).

2.6.2. Extracellular space assessment using WGA staining—WGA is a lectin that 

binds to glycoconjugates and has been used to assess the abundance and distribution of cell 

membranes and the extracellular matrix in cardiac tissues [11, 12]. In normal and 

hypertrophic hearts, the distribution of WGA staining is similar to that of Masson’s 

trichrome, which is commonly used to detect collagen/fibrosis [12]. Tissue staining with 

fluorescent WGA was analyzed using Image J software (http://rsb.info.nih.gov/ij/). The area 

of fluorescence (WGA-reactive tissue) was determined after conversion to binary (black and 

white) images by applying the automatic threshold level of pixel intensity. Tissue area was 

calculated by subtracting areas not covered with tissue (“holes”) from the whole image area. 

The threshold for quantification of “hole area” was determined by side-by-side comparison 

of the binary and original color images, and the same threshold was used for all images. The 

percentage of WGA-reactive atrial tissue was calculated by dividing fluorescent image area 

by total tissue area.

2.7. Isolation of RNA and quantification of connexin mRNA levels

RNA was isolated from left atrial appendage samples (33–66 mg) using the miRNeasy Mini 

Kit (Qiagen, Germantown, MD). The quality of RNA was assessed using an Agilent 2100 

Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA). All samples had RNA Integrity 

Number (RIN) values in the excellent quality range (7.7 – 9.6).

Levels of Cx40 and Cx43 mRNAs were quantified using real time qRT-PCR using a similar 

approach to that which we previously used to quantify Cx40 and Cx43 in in mouse myocyte 

samples [5]. cDNA was prepared from total RNA (2μg) using random hexamer primers and 

a high-Capacity cDNA Reverse Transcription Kit (Life Technologies). Real-time qRT-PCR 

analysis was performed using SYBR green (Life Technologies) in 96 well plates in a 7500 

FAST Applied Biosystems instrument. All reactions were run in triplicate: amplified at 95° 

C for 20 s, followed by 40 cycles of 95° C for 3 s and 60° C for 30s. Single peak melting 

curves confirmed the absence of primer-dimer complex formation. Only single bands were 

detected when PCR products were electrophoresed on 2% agarose gel (not shown). The 

primers for amplification of Cx43, GAPDH, Cx40 (total), and Cx40 transcript variant A are 

listed in Supplemental Table 2. For Cx40 transcript variant B mRNA, we used QuantiTect 

Primer Assay cat no QT01001322 (Qiagen), since these proprietary primers gave results that 

best satisfied our quality controls. Each experiment included samples lacking template or 

reverse transcriptase as negative controls.

The relative expression of each mRNA was calculated using the delta CT method and 

normalized to the expression of GAPDH as we have done previously [5].
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2.8. Isolation of genomic DNA and sequence analysis of the Cx40 promoter and coding 
regions

Genomic DNA was isolated from left atrial appendage samples (weighing 25–40 mg) using 

QIAamp DNA Mini Kit (Qiagen). The average yield was 10 μg of high quality DNA. PCR 

was performed using Phusion High-Fidelity DNA Polymerase (Fisher Scientific) to amplify 

the Cx40 coding region (within exon 2) or the regions flanking Cx40 promoters A and B. 

PCR primers are listed in Supplemental Table 2.

To test for the single nucleotide polymorphisms (SNP) rs35594137 and rs10465885, Cx40 

promoter regions A and B region were directly sequenced using the primers shown in 

Supplemental Table 2.

The coding region PCR products were subcloned into pCR-BluntII using the Zero Blunt® 

TOPO® PCR Cloning Kit (Life Technologies) and transformed into bacteria. Individual 

colonies (≥20 per patient) were picked and their inserts were sequenced using SP6 forward 

and M13 reverse primers at the DNA Sequencing Facility and Genotyping Facility of the 

University of Chicago.

3. Results

3.1. Cx40 levels are reduced in homogenates of atria from patients with AF

In order to determine any alterations in the atrial levels of connexins in patients with AF, we 

prepared homogenates from atria of control hearts and patients with paroxysmal or chronic 

AF and detected Cx43 or Cx40 by immunoblotting (Fig. 1). Levels of Cx43 were similar in 

all samples and did not differ significantly between control and AF samples (Fig. 1A). 

However, levels of Cx40 were reduced in atrial homogenates from patients with chronic AF 

and from many patients with paroxysmal AF (see exemplary blots and graphs in Fig. 1B). 

The mean Cx40 level was 77% of control values in the PAF samples and only 49% of 

controls in the CAF samples. Since Cx40 levels were much lower in all CAF samples than 

in controls, the mean CAF level was significantly lower than that of the controls. In contrast, 

Cx40 levels varied widely between PAF samples; some were very low, but others were 

similar to controls. In addition, Cx40 protein levels sometimes varied between different 

tissue pieces from the same patient (data not shown). Thus, the mean PAF level across all 

samples did not differ significantly from the control mean.

3.2. Cx40 is selectively lost from atrial gap junctions in patients with AF

We also studied the abundance and distribution of Cx43 and Cx40 in the atria of control 

hearts and several patients with paroxysmal or chronic AF. Multiple frozen sections were 

cut from each sample, and Cx43 and Cx40 were simultaneously detected by double label 

immunofluorescence. As illustrated by the examples shown in Fig. 2, both connexins were 

abundantly detected in discrete spots (presumably corresponding to gap junction plaques) in 

control atria. The two connexins co-localized extensively with only a few spots containing 

only Cx43 and very rare spots containing only Cx40 (as shown in the overlay image and the 

cytofluorogram scatter plot).
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In the representative PAF and CAF sections (Fig. 2), the abundance of Cx43 appeared 

similar to the control section. However, the number of spots containing immunoreactive 

Cx40 was substantially reduced in the PAF section and severely reduced in the CAF section. 
The overlap images showed that many spots in the PAF sample and an even higher 

proportion of gap junction plaques in the CAF sample contained Cx43, but not Cx40. The 

scatter plots show the shift towards a preponderance of Cx43 staining in the PAF and CAF 

images.

To examine the generality of these changes, we performed similar double label 

immunofluorescence studies on sections from multiple control (n = 6), PAF (n = 8), and 

CAF (n = 5) patients. We studied the greatest number of PAF samples, because they showed 

the greatest variability of the extent of Cx40 staining and its overlap with Cx43. For all of 

the samples, we studied the overlap of Cx43 and Cx40. As described in Methods, we 

quantified the overlap by calculating Mander’s coefficients. A Mander’s coefficient of 1.0 

would specify perfect overlap, while a coefficient of 0 would indicate no overlap.

We defined the variables such that Mander’s coefficient M1 was a measure of the overlap of 

Cx43 on Cx40 (i.e., the proportion of pixels containing Cx40 that also contained Cx43). 

Consistent with the overlap example (Fig. 2), the mean M1 for control hearts was very high. 

The mean M1 for all control hearts was 0.82 (Fig. 3A). There was no significant change in 

the overlap of Cx43 on Cx40 detected in the diseased hearts. The mean M1 was 0.83 for 

both the PAF and CAF groups (Fig. 3A).

The overlap of Cx40 on Cx43 (the fraction of Cx43-containing gap junctions that also 

stained for Cx40) was not different among the group of control samples, since the average 

M2 value from the controls was 0.82 (Fig. 3B). However, M2 was significantly reduced in 

the PAF atria (group mean = 0.53) and significantly reduced even further in the CAF atria 

(group mean = 0.29) (Fig. 3B).

Individual control samples showed little variation of immunostaining for Cx43 or Cx43 

between samples or among different fields in a single sample. Consistently, the range of M2 

values for control hearts showed little variation from the mean (Fig. 3C). In contrast, the 

Cx40 abundance and co-localization showed more variability in the diseased hearts. All 

samples from CAF patients showed mean M2 values of < 0.5, but many had wider ranges of 

values than the controls (Fig. 3C). Some of the PAF samples had severe reductions of M2 

while others had mean M2 values that were nearly as high as the controls. Many of the PAF 

samples had a wide range of M2 values calculated for different sections from the same 

patient (Fig. 3C). This wide range provides some quantification of the substantial 

heterogeneity of Cx40 (and its co-localization) within PAF patients.

The mean M2 values for the individual patients that were studied by immunofluorescence 

showed a relatively strong correlation with the levels of Cx40 protein detected in atrial 

homogenates (r = 0.78, Supplemental Fig. 1).

To determine whether remodeling of atrial gap junctions was associated with AF, we 

performed co-localization of the connexins vs. the intercalated disc adhesive protein, N-

cadherin. As expected, Cx43 and N-cadherin showed extensive (but not perfect) overlap in 
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sections of control atrium (Fig. 4, left panels). The distributions of these two proteins and 

their overlaps were very similar in the diseased samples (representative examples shown in 

Fig. 4, center and right panels). We quantified the extent of overlap of Cx43 and N-cadherin 

in sections obtained from multiple control, PAF, and CAF patient samples (Table 1). The 

degree of colocalization of Cx43 and N-cadherin in our experiments was comparable to that 

in normal human ventricle [13]. The mean Mander’s coefficients M1 (assessing the N-

cadherin pixels that also contained Cx43) and M2 (assessing Cx43 pixels that also contained 

N-cadherin) did not differ significantly between control and diseased samples. In control 

tissues, Cx40 and N-cadherin showed extensive overlap similar to that between Cx43 and N-

cadherin (Fig. 5, left panels). Quantitation of their overlap for the example shown in Fig. 5 

yielded an M1 of 0.55 (for overlap of Cx40 on N-cadherin) and an M2 of 0.50 (for overlap 

of N-cadherin on Cx40). In contrast, the abundance of Cx40 was greatly reduced in the PAF 

and CAF samples (Fig. 5, center and right panels). As shown in these examples, the 

remaining Cx40 still showed substantial overlap with N-cadherin (M1, 0.62 for PAF and 

0.58 for CAF examples shown). However, most N-cadherin staining showed no co-

localizing Cx40 (M2, 0.04 for PAF and 0.02 for CAF examples shown). We found similar 

results in several different control and diseased patient samples (not shown). We conclude 

that the overall abundance and cellular distribution of Cx43 (relative to the intercalated 

discs) is preserved in the AF samples without extensive remodeling; the major change is loss 

of Cx40.

Because myocardial fibrosis can contribute to the pathogenesis of AF, we assessed the 

content of extracellular areas in sections of control and diseased atria. We performed 

staining with fluorescent WGA, which has similar staining properties to Masson’s 

trichrome, used to detect collagen [12]. Images of control, PAF, and CAF atrial sections 

showed similar patterns and extents of staining with WGA-Texas Red-X (Supplemental Fig. 

2). We found no significant difference in the percentage of tissue area that reacted with 

WGA between control (n = 6), PAF (n= 8), and CAF (n = 5) patient samples (Supplemental 

Table 3).

3.3. Cx40 transcripts are reduced in atrial homogenates of patients with AF

In order to determine if the alterations in connexin protein levels reflected changes in 

mRNA, expression, we isolated total RNA from the atria of control hearts and patients with 

paroxysmal or chronic AF and detected Cx43 or Cx40 mRNAs by qRT-PCR (Fig. 6A, B). 

The levels of Cx43 mRNA did not differ significantly between control and diseased samples 

(Fig. 6A). In contrast, the total levels of Cx40 mRNA (detected using primers within exon2 

as described in Methods) were significantly lower in samples from patients with either PAF 

or CAF (Fig. 6B).

The human Cx40 gene contains two different first exons that are used alternatively to 

generate two different transcripts, trA and trB, after splicing with exon 2 (Fig. 6C). 

Therefore, we also used qRT-PCR to detect and quantify these two Cx40 transcripts. We 

found that both trA and trB were significantly reduced in samples from patients with PAF or 

CAF (Fig. 6D, E).
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Moreover, although levels of total Cx40 mRNA had only a weak correlation with levels of 

Cx40 protein (r = 0.60) and trA showed no correlation (r = 0.30), levels of trB showed 

reasonably strong correlations with both levels of Cx40 protein determined by 

immunoblotting and the Mander’s coefficient M2 (r = 0.60 and 0.77, respectively) 

(Supplemental Fig. 3)

3.4. AF patients did not carry detectable Cx40 mutations

Because germ-line and somatic mutations of Cx40 have been identified in some patients 

with AF [14–16], we also screened our atrial samples for such mutations. We used a rather 

similar strategy to that which identified the somatic mutants [14]. As described in Methods, 

we prepared genomic DNA from the atrial samples and amplified the entire Cx40 coding 

region which was subcloned into a bacterial plasmid. Even after sequencing many colonies 

(≥20 perpatient), we did not identify any coding region mutations in any AF patient.

3.5. Promoter polymorphisms may be linked to AF

The Cx40 promoters contain polymorphic variants that have been linked to AF (and other 

disease states including hypertension) in some studies [17–21]. We used PCR to amplify the 

regions flanking exons 1A and 1B (from all control and AF patient samples) and directly 

sequenced the DNA products to identify these polymorphisms (Supplemental Fig. 4).

The exon 1A transcriptional initiation site is flanked by two closely linked polymorphisms 

−44 (G→A) and +71 (A→G) (Fig. 6C) [17]. We also identified these polymorphisms in our 

samples (Table 1). However, we found no significant differences in frequencies of the 

genotypes between our control, PAF, or CAF groups. We found that 63–75% of patients in 

each group were homozygous for the −44G/+71A genotype and 25–37% were heterozygous 

for −44G/+71A and −44A/+71G. These are relatively close to the frequencies of these 

genotypes identified in control populations in other studies [17–20]. We did not find any 

individuals who were homozygous for the −44A/+71G allele which has been linked to AF in 

some studies [17]. We found no correlation between the genotypes at this position and the 

levels of Cx40 protein or mRNA in control or patient samples (data not shown).

Promoter B also contains a common polymorphism, −26; (A→G) (Fig. 6C) [19]. We found 

that about half of patients in all groups were heterozygous for each variant (Table 2), 

consistent with the expected high frequency of both alleles. We did not find any significant 

differences in frequencies of the different genotypes between groups. Indeed, although the 

−26G allele has previously been linked to AF and reduced levels of Cx40 mRNA 

expression, we found higher percentage of AF patients that were homozygous for the −26A 

allele and fewer AF patients that were homozygous for the −26G allele (Table 2). We found 

no correlation between the genotypes at this position and the levels of Cx40 protein or 

mRNA in control or patient samples (data not shown).

4. Discussion

In this paper, we found that there is extensive overlap of Cx40 and Cx43 immunoreactivities 

in normal human atrium. Nearly all of the atrial gap junctions contained both connexins. 

This observation is consistent with our previous demonstration (using both biochemical and 
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physiological approaches) that Cx40 and Cx43 make approximately equal contributions to 

the gap junctions between mouse atrial myocytes [5].

We have also shown that atrial tissues from patients with both chronic and paroxysmal AF 

contained reduced abundances of Cx40. Moreover, they exhibited reduced overlap of Cx40 

immunoreactivity with Cx43, including the presence of many gap junctions that contained 

only Cx43. It is likely that this alteration contributes to the abnormal conduction within the 

atria of these hearts. A previous study found differing electrical conduction in strands of 

cultured neonatal murine cardiac myocytes based on genetic alterations of the relative 

expression of Cx40 or Cx43, such that local propagation velocity was decreased by 

predominance of Cx40 and increased by greater Cx43 [22]. Thus, our AF heart samples 

might contain areas with faster as well as slower local conduction and might vary 

substantially. In human atrium, the relative abundance of Cx40 as detected by 

immunolocalization or by immunoblotting has been correlated with reduced conduction 

velocity [9] and with the increased atrial resistivity associated with aging [23].

There are a number of previous studies that examined Cx40 and/or Cx43 in the atria of 

people or animals with AF. Previous studies that examined connexin levels by 

immunoblotting in atria of people with chronic AF arrived at conflicting conclusions, 

including increased Cx40 [24], reduced Cx40 [25], or reduced Cx43 with changes in Cx40 

that varied according to biopsy site [26]. Many prior studies only looked at the distributions 

of Cx43 or Cx40 and Cx43 by immunohistochemistry. In a study that is particularly relevant 

to our own, Wilhelm et al. [10] found that the Cx40/Cx43 ratio was reduced (by ~50%) in 

patients with persistent or postoperative AF. Kato et al. [6] compiled the data from 12 

studies using animal models and 13 studies of humans with AF of various etiologies, and 

while many results disagree, connexin alterations have frequently identified. A strength of 

our study is that we looked relatively comprehensively at multiple aspects, including protein 

levels, mRNA expression, and connexin distribution. Many prior studies are confounded by 

the presence of valvular or coronary artery disease. Some studies may also have been 

confounded by cellular/tissue remodeling or fibrosis that were not present in our patients.

When we analyzed the samples from patients with paroxysmal AF, we found a substantial 

variability both within samples and between samples (especially in the Cx40/Cx43 ratio as 

quantified by the Mander’s coefficient, M2). Some patients had coefficients similar to the 

normal controls, while others were less than half as great; moreover, a single sample ranged 

from 0.0 to >0.6 (Fig. 3C). These findings emphasize the pronounced heterogeneity of 

connexin distribution in these patients with intermittent AF. Our findings recall goat studies 

in which the distribution of Cx40 was homogeneous for animals in sinus rhythm, but it 

became markedly heterogeneous after 2 weeks of AF [27, 28]. Like that study, our data 

support the hypothesis that changes in Cx40 distribution are involved in the electrical 

remodeling that contributes to the pathogenesis of sustained AF.

Both somatic and germ-line mutations of Cx40 have been identified in patients with lone AF 

[14–16, 29]. These mutations apparently contribute to AF by reducing the abundance of 

functional Cx40. Responsible mechanisms can include alterations or loss of channel 

function [14, 16, 30], impaired Cx40 trafficking [30], or increased Cx40 degradation [31]. 
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However, like another study of a group of these patients [32], we did not find any evidence 

for coding region mutations in our patients. Some previously identified patients may have 

been unique because of their relatively young ages (onset of AF at an average age of 45 in 

the study by Gollob et al. [14]). Regardless, it is apparent that coding region mutations of 

Cx40 are an uncommon pathogenic cause of AF.

Our conclusions regarding the importance of Cx40 disturbances in the etiology of human AF 

are supported by some investigations of genetically manipulated mice. Some studies of 

Cx40 null mice, mice with Cx45 replacement of Cx40, and mice carrying the Cx46A96S 

mutation showed decreased atrial conduction velocities [33–36]. Indeed, pacing can induce 

atrial tachyarrhythmias or fibrillation in Cx40-null mice [33, 37, 38]. However, unlike the 

heterogeneity of Cx40 loss seen in our samples, the global genetic disruptions of Cx40 

expression cause uniform reductions (or absence) of atrial myocyte Cx40 in these mice [36].

The decreased Cx40 protein levels that we observed in association with AF did correlate 

with decreased levels of Cx40 mRNA, and in particular one Cx40 transcript, trB. Prior 

studies have linked AF to polymorphic variants (SNPs) of each of the Cx40 promoters [17, 

19, 39]. These SNPs can cause decreased transcription of the corresponding transcripts 

and/or reduced Cx40 levels [19, 21]. The prior studies disagree about which SNP is linked to 

AF, perhaps due to the analysis of different populations. Because we found reduced Cx40 

expression, but no correlation with either SNP, it is likely that the decrease in Cx40 

transcription was not the primary pathogenic event.

Conclusion

In summary, our study adds evidence supporting the importance of Cx40 alterations 

(especially reductions relative to Cx43) in AF. As discussed above and reviewed elsewhere 

[6, 40], there are many conflicting results regarding the precise changes of connexins in AF. 

Taking them all together, we suggest that the alterations are multifactorial and may 

eventually be best addressed by personalized approaches to treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Cx43 Connexin43

Cx40 Connexin40

SDS-PAGE Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

DIC differential interference contrast

SNP single nucleotide polymorphism

PCR polymerase chain reaction

qRT-PCR quantitative Reverse Transcription-PCR

trA and trB Cx40 mRNA transcripts A and B

GAPDH glyceraldehyde phosphate dehydrogenase

WGA Wheat Germ Agglutinin
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Highlights

• Normal atrial conduction requires similar abundances of connexins (Cx40 and 

Cx43).

• Immunoreactive Cx40 but not Cx43 was reduced in atrial fibrillation (AF) 

patients.

• Reductions of Cx40 were heterogeneous (especially in paroxysmal AF samples).

• Total Cx40 mRNA and Cx40 transcripts A and B were reduced in paroxysmal 

and chronic AF.

• Changes of Cx40 expression did not correlate with promoter polymorphisms.
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Figure 1. Levels of Cx40 (but not Cx43) are reduced in atrial homogenates of patients with atrial 
fibrillation
Homogenates were prepared from atrial appendage samples from control hearts or from 

patients with paroxysmal (PAF) or chronic (CAF) atrial fibrillation, and Cx43 (A) and Cx40 

(B) were detected by immunoblotting. Bands at the bottom are representative blots from two 

control samples and from two patients with PAF or CAF. Gels were loaded with equal 

amounts of total protein and were also blotted with antibodies directed against GAPDH (as a 

loading control). Graphs show the amounts (mean ± SEM) of immunoreactive connexin in 

each group determined by densitometry (adjusted for GAPDH densitometry and normalized 

to the mean control values). While the abundance of Cx43 did not differ significantly 

between control and disease groups, the mean level of Cx40 in the CAF group (but not the 

PAF group) was significantly less than in controls (*, p < 0.05, Student’s t test).
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Figure 2. Immunolocalization of Cx43 and Cx40 shows reductions of Cx40 in sections from 
hearts of patients with atrial fibrillation
Representative photomicrographs are shown for sections from atrial appendage samples 

from control hearts (left panels) or from patients with paroxysmal (PAF, center panels) or 

chronic (CAF, right panels) atrial fibrillation that were studied by double label 

immunofluorescence for Cx43 (green, top row) and Cx40 (red, second row). The third row 

shows the overlay between Cx43 and Cx40; spots containing both connexins are shown in 

white, while those containing only Cx43 are green and those containing only Cx40 are red. 

While the abundance of Cx43 appears similar in all three samples, Cx40 is diminished in 

PAF and severely reduced in CAF. This results in fewer white spots and many “green only” 

spots in the overlay images for PAF and CAF. The bottom panels show cytofluorogram 

scatter plots of the intensities of all pixels; Cx43 and Cx40 intensities are quantified 
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according to a 0 – 255 gray scale. The yellow line shows the theoretical predicted mean for a 

perfect overlap of the distribution and intensities of Cx40 and Cx43. The red lines show the 

determined distributions, and illustrate the shift towards Cx43 predominance in the atrial 

fibrillation samples and the selective loss of Cx40. Bar, 42 μm.
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Figure 3. Co-localization coefficients show that Cx40 was reduced relative to Cx43 in atria of 
patients with atrial fibrillation
The distribution of Cx43 and Cx40 and their overlap were determined by 

immunofluorescence (as illustrated in Fig. 2) for multiple sections from each control and 

diseased sample. For each section the overlap was quantified by calculating the Mander’s 

coefficients as described in Methods. A coefficient of 1.0 indicates perfect overlap while a 

coefficient of 0 indicates no overlap. Variables were defined so that Mander’s coefficient 

M1 is an expression of the overlap of Cx40 on Cx43 (Cx40 spots that also contain Cx43) 

and Mander’s coefficient M2 is an expression of the overlap of Cx43 on Cx40 (Cx43 spots 

that also contain Cx40). (A. B) The graphs show the Mander’s M1 (A) and M2 (B) 
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coefficients (mean ± SEM) for groups of control (n = 6), PAF (n = 8), and CAF (n = 5) 

samples. Mean M1 values did not show any differences between control and diseased 

specimens. However, mean M2 values were reduced in PAF samples as compared to 

controls (*, p < 0.05, ANOVA) and reduced in CAF samples as compared to either controls 

or PAF samples (**, p < 0.05, ANOVA). These data quantify the selective loss of Cx40 from 

gap junctions in the atria of patients with paroxysmal and chronic atrial fibrillation. (C) The 

graph shows the mean M2 coefficient (solid squares) for each control, PAF or CAF sample 

analyzed. The bars represent the range of different M2 values determined from images of 

different sections in the same individual. Thus, there was a wide variation between AF 

patients (especially those with PAF) and within many individual AF patients.
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Figure 4. Immunolocalization of Cx43 vs. N-cadherin does not differ between control and AF 
patients
Representative photomicrographs are shown for sections from atrial appendage samples 

from control hearts (left panels) or from patients with paroxysmal (PAF, center panels) or 

chronic (CAF, right panels) atrial fibrillation that were studied by double label 

immunofluorescence for Cx43 (red, top row) and N-cadherin (green, second row). The third 

row shows the overlay between Cx43 and N-cadherin; spots containing both proteins are 

shown in white, while those containing only Cx43 are red and those containing only N-

cadherin are green. The abundance of Cx43 and N-cadherin appears similar in all three 

samples. Bar, 40 μm.
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Figure 5. Immunolocalization of Cx40 and N-cadherin shows reductions of Cx40 in sections from 
hearts of patients with atrial fibrillation
Representative photomicrographs are shown for sections of atrial appendage samples from 

control hearts (left panels) or from patients with paroxysmal (PAF, center panels) or chronic 

(CAF, right panels) atrial fibrillation that were studied by double label immunofluorescence 

for Cx40 (red, top row) and N-cadherin (green, second row). The third row shows the 

overlay between Cx40 and N-cadherin; spots containing both connexins are shown in white, 

while those containing only N-cadherin are green and those containing only Cx40 are red. 

While the abundance of N-cadherin appears similar in all three samples, Cx40 is diminished 

in PAF and CAF. This results in fewer white spots and many “green only” spots in the 

overlay images for PAF and CAF. Bar, 40 μm.

Gemel et al. Page 22

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6. Levels of Cx40 (but not Cx43) mRNA are reduced in atrial homogenates of patients 
with atrial fibrillation
Total RNA was prepared from atrial homogenates of control hearts or patients with 

paroxysmal (PAF) or chronic (CAF) atrial fibrillation. Total mRNAs for Cx43 (A) and Cx40 

(B) were quantified by qRT-PCR. Graphs show the values normalized to the average values 

in control samples (mean ± SEM). (A) Total levels of Cx43 mRNA did not differ among 

groups. (B) Total levels of Cx40 mRNA were significantly reduced in both PAF and CAF 

groups. (C) A diagram illustrates the structure of the Cx40 gene and the mRNAs generated 

from it. The gene contains two alternate first exons (1A and 1B) a single second exon (2) 

indicated by boxes with the coding region indicated by diagonal stripes. Differential exon 

usage leads to the production of two different transcripts (trA and trB). The two 

transcriptional start sites are flanked by polymorphic variants (−44G/A and +71A/G for A 

and −26A/G for B) that are indicated by arrows. (D, E) Levels of both Cx40 trA (panel D) 

and trB (panel E) were significantly reduced in both PAF and CAF groups (*, p < 0.05 as 

compared to controls).
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Table 1

Mander’s coefficients assessing co-localization of Cx43 and N-cadherin.

M1 (Cx43 on N-cadherin) M2 (N-cadherin on Cx43)

Control (5) 0.69 ± 0.05 0.56 ± 0.03

PAF (8) 0.68 ± 0.03 0.58 ± 0.02

CAF (5) 0.73 ± 0.02 0.60 ± 0.06

Numbers of different patient samples analyzed are indicated in parentheses. At least 5 fields were analyzed for each sample. Values are shown as 
mean ± S.E.M. Mean M1 and M2 values did not show any significant differences between control and diseased specimens.
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Table 2

Frequencies of Cx40 promoter polymorphic genotypes.

Promoter A Genotype

−44GG/+71AA −44GA/+71AG −44AA/+71GG

Control 75% (6/8) 25% (2/8) 0

PAF 69% (11/16) 31% (5/16) 0

CAF 63% (5/8) 37% (3/8) 0

Promoter B Genotype

−26AA −26AG −26GG

Control 13% (1/8) 50% (4/8) 37% (3/8)

PAF 31% (5/16) 44% (7/16) 26% (4/16)

CAF 25% (2/8) 62% (5/8) 13% (1/8)

Genotype frequencies are shown as percentages with n/total number per group indicated in parentheses. The chi-squared test was used to compare 
groups. None of the disease groups differed from controls.
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