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Introduction

Atrial fibrillation (AF) is associated with shortened action potential duration' and progressive
atrial mechanical remodelling,” * which is implicated in the development of thromboembolic
stroke. The mechanisms of atrial contractile dysfunction in AF remained unclear. Atrial
dysfunction is attenuated by exposure to the Ca®” antagonist verapamil and enhanced by calcium
loading or the Ca®" agonist Bay K8644,” suggesting that abnormalities in the Ca®" handling play a
central role in this process. The cytosolic Ca*" homeostasis in cardiomyocytes involves the influx
of extracellular Ca®" through L-type Ca®" channels, the release/uptake of Ca** by the
sarcoplasmic reticulum, and efflux of intracellular Ca*" though the cardiac Na*/Ca*" exchanger
(NCX).® Previous studies had demonstrated that these calcium-regulating molecules are changed
during chronic AF.”'* However, the question still remains regarding the mechanisms of failure in
the Ca" cycling pathways, in particular, the upstream regulation of calcium handling proteins in
AF.

Annexins are a superfamily of Ca*"-dependent phospholipid binding proteins containing
repeated domains of approximately 70 amino acids in length."? Annexin VI (Ax6) is a unique
member of this family in that it contains eight conserved repeat domains instead of four. Ax6 is
strongly expressed in the mammalian heart,'* and has been shown in vitro to be a regulator of the
L-type Ca*" channel conductance,'>'° the cardiac NCX,'” and the cycling of Ca®" release/uptake

by the sarcoplasmic reticulum.'®*° Overexpression of Ax6 has underlined physiological



alterations in contractile mechanics leading to dilated cardiomyopathy, *! whereas knockout has
been found to induce faster changes in Ca" transient and increased contractility, > suggesting a
negative role of this protein on cardiomyocyte mechanics. However, whether atrial Ax6 is altered
during AF remains unclear. To answer this question, we compared the expression and distribution

of atrial Ax6 between patients with AF or sinus rhythm (SR).



Methods

Patients

All of the patients required coronary artery bypass grafting (CABG) for severe, multistenotic

coronary artery disease. The clinical history was obtained before surgery. The presence and

duration of AF were assessed according to previous serial electrocardiograms. Hemodynamic and

echocardiographic data were obtained by reviewing data from preoperative cardiac

catheterizations and echocardiograms. All patients were given informed consent. The study

protocol was approved by the Institutional Review Board of the Chung Shan Medical University

Hospital. The investigation conforms with the principles outlined in the Declaration of Helsinki.

The left atrial (LA) and right atrial (RA) appendage tissues were obtained from 20 patients with

chronic AF (defined as persistent AF =3 months) at the time of bypass cannulation during CABG

and/or aortic valve surgery. The AF patients were matched for age, sex, left ventricular function,

and as far as possible for medication with 34 clinically stable patients in SR (without a history of

AF) undergoing CABG. All 54 patients were euthyroid and in NYHA class I-11I. In order to

prevent potential confounding factors from mitral valve disease, we excluded the patients with

significant mitral stenosis or regurgitation, as determined by preoperative echocardiography.

Ribonucleic Acid (RNA) Extraction and Reverse Transcription (RT)



Samples of atrial tissue were rapidly frozen in liquid nitrogen and stored until further analysis.
Total RNA was prepared by applying the method of Chomczynski and Sacchi.*® One pg of total
RNA was transcribed into cDNA (complementary deoxyribonucleic acid) using Moloney murine

leukemia virus reverse transcriptase (Promega).

Semiquantitative Polymerase Chain Reaction (PCR)

A 50-pL reaction mixture consisted of 5x reaction buffer; 10 mM dNTPs; 40 U RNase inhibitor;
and 0.5 uM of the specific primers for Ax6 (5'-CAAATATAGGTGGCACTGAGGAG-3' and
5'-TAGCAGCAGTTCTCAAAGTGTG-3"). The PCR conditions were as follows: initial
denaturation at 94°C for 5 minutes was followed by 30 cycles with denaturation at 94°C for 60
seconds, annealing at 52°C for 60 seconds, and a final extension of 2 minutes at 72°C. The
mRNA amount of the annexin genes was measured and normalized to the mRNA levels of

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control.

Western blotting

Western blot analysis was performed as described previously.” In short, 25 pg of atrial
homogenates were fractionated on SDS-PAGE gels and transferred to nitrocellulose membranes
(Hybond ECL, Amersham). The membrane was incubated with mouse monoclonal anti-Ax6
antibody (BD Transduction Laboratories; 1:500) and subsequently with goat anti-rabbit

immunoglobulin (Promega; 1:1000) conjugated to a horseradish peroxidase (BD Biosciences;



1:2000) for 1 hour at 4°C. Signals were detected with the ECL detection system (Amersham Corp)
on a standard x-ray system. The B-actin data were used as an internal standard to normalize Ax6

data.

Immunoconfocal Microscopy

For immunofluorescence detection of the Ax6 proteins, in addition to the mouse monoclonal
antibody mentioned above, goat polyclonal antibodies against human Ax6 (Santa Cruz) were
used. For identification of other calcium handling proteins, a mouse monoclonal antibody against
NCX (Affinity BioReagents), affinity purified rabbit polyclonal antibodies against L-type Ca*"
channel (Chemicon), and a mouse monoclonal antibody against ryanodine receptors (Affinity
BioReagents) were used. For secondary antibodies, donkey anti-rabbit, anti-mouse, and anti-goat
immunoglobulin conjugated to either CY3 or CY5 (Chemicon) were purchased. For single
labeling, CY 3-conjugated antibodies were used. For double labeling using two different primary
antibodies, one CY3-conjugated antibody and one CY 5-conjugated were used in combination.
Background autofluorescence was detected in fluorescein isothiocynate (FITC) channel. For
double labeling of Ax6 and downstream calcium-related handling proteins, cryosections of the
samples from the last 16 patients (8 in AF, and 8 in SR) were fixed in -25 °C methanol (5
minutes), blocked in 0.5% BSA (15 minutes) and incubated with a mixture of goat anti-Ax6
(1:1000) plus anti-NCX (1:500), anti-L-type Ca®" channel (1:250), or anti- ryanodine receptor

(1:1000) at 37°C for 2 hours. The samples were then treated with a mixture of CY3-conjugated



(1:500) and CY5-conjugated secondary antibody (1:500) at room temperature for 1 hour. Finally

the sections were mounted. Between each step, the slides were thoroughly washed with PBS.

Immunostained samples were examined by confocal laser scanning microscopy using a Leica
TCS SP equipped with an argon/krypton laser with the appropriate filter spectra adjusted for the
detection of FITC, CY3, and CY5 fluorescence. The images from sections of multiple labeling

were taken using either simultaneous or sequential multiple channel scanning.

Statistical Analysis

Densitometric scanning and analysis were performed on immunoblots and agarose gels carrying
RT-PCR products (stained with ethidium bromide) using Imagemaster (Amersham Pharmacia
Biotech, New Jersey, USA). The data are expressed as mean value + SD, unless otherwise stated.
Differences between groups were compared using a Student’s t test for continuous variables with
normal distribution, and non-normal data were assessed by a Wilcoxon rank sum test. Categorical
data were compared using a y” test or a Fisher’s exact test where appropriate. For determination
of correlations between the mRNA and protein expression of Ax6 in each atrium the Spearman
correlation test was used. Linear regression analysis was used for correlation between the
expression levels of Ax6 protein and clinical parameters in all subjects. All tests were two-tailed,

and a P value of <0.05 was considered to be statistically significant.



Results

Clinical characteristics

The clinical characteristics are shown in Table 1. There were 35 men and 19 women with a mean

age of 67412 years (range 40 to 85). Patients with AF did not differ from control subjects with

SR with respect to clinical parameters that were evaluated except the diameter of left atrium,

which was larger in patients with AF.

Ax6 gene expression in chronic AF

The difference in transcription of Ax6 between the two groups was determined by comparing the

Ax6/GAPDH mRNA ratio. As shown in Figure 1, the expression level of Ax6 mRNA was

significantly decreased in both RA and LA of AF patients compared to the corresponding atrium

of SR patients (AF vs SR; RA: 0.21 £ 0.11 vs 0.61 + 0.32; LA: 0.20 = 0.10 vs 0.62 £+ 0.32; both p

< 0.01). In addition, in either SR or AF group, the gene expression levels were equivalent

between the right and left atrium.

Ax6 protein expression in chronic AF

The difference in Ax6 protein expression between the two groups was determined by comparing



the Ax6/B-actin ratio in Western blotting. As shown in Figure 2, the expression levels of Ax6
protein in chronically fibrillating atria were nearly half compared to SR (AF vs SR; RA: 0.18 +
0.10 vs 0.34 £0.16; LA: 0.17 £ 0.09 vs 0.37 = 0.17; both p < 0.01). In addition, similar to the
transcript, the protein expression levels between RA and LA in either AF or SR group were

comparable.

Immunohistochemistry

Single-labeling experiments showed that Ax6 protein is more or less evenly distributed in each
sample. Consistent with the Western blotting results, a marked difference existed between the SR
and AF groups. In general, the labels of Ax6 were abundant in the SR group, regardless of the
RA or LA (Figure 3, A and B), though variations existed between samples (Figures 4B, 5B, and
6B). In contrast, in the chronically fibrillating atria the labels of Ax6 were less compared to the
SR group (Figure 3, C and D). However, similar to the SR group, variations in expression also
existed between samples of the AF group (Figures 4F, 5F, and 6F); in some sections of the

fibrillating atria it was even difficult to identify the staining of Ax6 (Figure 3C).

Since the distribution of Ax6 appeared to surround the cell borders (Figure 3), we further studied
the spatial relationship of Ax6 with NCX and L-type Ca®" channel, both of which were known to
exist in the sarcolemma, and ryanodine receptor, in the sarcoplasmic reticulum. For this purpose,

randomly selected samples from the SR group and samples expressing Ax6 protein detectable in



the single labeling experiment from the AF group were used. In Figure 4, double
immunolocalization of Ax6 (shown in red) with NCX (in green) and in Figure 5 of Ax6 (in red)
with L-type Ca®" channel (in green) demonstrated extensive overlapping (in yellow) of the Ax6
labels with those of the L-type Ca®" channel and the NCX, respectively. In contrast, the Ax6
labels do not overlap with those of ryanodine receptor-marked sarcoplasmic reticulum in the

cytoplasmic compartment (Figure 6).

Comparison of laboratory data and clinical parameters

A positive correlation was found between the mRNA ratio and the protein ratio of Ax6 in each
atrium for all SR and AF patients (Figure 7, A and B). On the other hand, in the multivariate
analysis, the protein level of Ax6 is not influenced by age, gender, history of diabetes,
hypertension, severity of coronary artery disease, previous myocardial infarction, left ventricular

ejection fraction, atrial filling pressure, and use of preoperative medication(s).



Discussion

The present study describes, for the first time, a parallel reduction in the expression of Ax6 at
both the mRNA and protein levels in chronically fibrillating atria. In addition, we found that in
both the SR and AF patients Ax6 was mainly distributed in close relationship to the sarcolemma

and co-localized with the cardiac NCX and L-type Ca®" channels in atrial myocytes.

Down-regulation of Ax6 and calcium homeostasis in chronic AF

As mentioned before, previous works in human AF mainly attributed abnormalities in

cardiomyocyte Ca>" handling to the changes in expression of molecules regulating Ca*" at both
yocy g

. . -12
the sarcolemma and the sarcoplasmic reticulum.’

The fact that Ax6 is the major cardiac
annexins (up to 0.2% of total cardiac protein) suggests that this protein have important roles in
heart function.'® The finding of the present study suggests that Ax6, a major membrane-associated
matrix protein of the heart, may also be involved in the Ca*" handling abnormalities in AF.
Although the functional roles of Ax6 in atrial myocytes have not yet been defined, the significant
decrease in Ax6 expression described herein could have effects on the ability of fibrillating atria
to regulate intracellular Ca”". This proposal is based on the reports that i) Ax6 increases

15,1
1;5,6

conductance through modulation of the L-type Ca”" channe i1) Ax6 rescues the function of

17,19

cardiomyocyte NCX, which is inhibited after EDTA or EGTA treatment; "~ and iii) Ax6 was

involved in the cycle of Ca®" release/uptake of sarcoplasmic reticulum.'®*° In addition, the



dynamic role of Ax6 in the modulation of Ca®" homeostasis as well as contractility in
cardiomyocytes has recently been elucidated. Recent work employing Ax6-knockout or
transgenic models has provided new insights into the
biological functions of Ax6 proteins. Studies with transgenic mice showed that Ax6
overexpression targeted to cardiomyocytes led to dilated cardiomyopathy and heart failure.”’
Cardiomyocytes isolated from these mice were found to have a reduced frequency-dependent
percentage of shortening, decreased rates of contraction and relaxation, lower basal levels of
intracellular free Ca®" and a reduced rise in the peak free Ca®" transient with concomitant changes
in contractile properties. In contrast, the cardiomyocytes derived from Ax6 knockout mice
demonstrate an increase in myocyte contractility and more rapid Ca®" clearance from the
cytoplasm during diastole.”” These two studies suggested a negative inotropic role for Ax6 by
acting as a regulator of cardiomyocyte membrane pumps and/or exchangers.

On the other hand, in the ventricular tissue, the expression of Ax6 is largely increased at the
onset of heart failure,” whereas in end-stage heart failure its expression was largely

. 24,2
down-regulated or remained unaltered,***’

suggesting that expression of ventricular Ax6 varies
according to the severity and/or duration of heart pathology. These findings imply that our results
may not be applied to patients with paroxysmal or short-term AF. In end-stage heart failure, in
which AF is commonly seen, the expression of Ax6 in right atrial myocardium was reported to be
unchanged.” In contrast, the present study shows that chronic AF was associated with a

significant decrease in Ax6 in both atrial appendages. This discrepancy in atrial expression can be

explained by the data of Li D et al., which indicate that heart failure, unlike AF, is not necessarily



associated with decreased action potential duration or effective refractory period in the atria.”’
Our results suggest that alternation in the expression levels of Ax6 may be one of the upstream
defects related to the abnormalities of Ca®" handling observed in human AF. However, the
functional significance of the Ax6 change in chronic AF still remains unclear. Given that
overexpression of Ax6 reduces the contractility of cardiomyocytes and that the opposite effect is
observed in Ax6 null mutant mice, it is reasonable to speculate that down-regulation of Ax6
during AF is a form of molecular compensation that favors improved atrial contractile function.
An increase in demand for cardiovascular work, as with a fibrillating atrium, is compensated for
by a reduction in Ax6 which increases the Ca*" cycling efficiency and atrial
contraction—relaxation dynamics. However, the precise mechanism(s) and target site(s) of Ax6 on

atrial Ca”" cycling remain to be understood.

Location of Ax6 in atrial tissue

Clarification of the spatial relationship between Ax6 and cardiomyocyte is helpful to understand
the function of Ax6 in the atria. In the present study, the findings from double
immunolocalization strategy that in both SR and chronically fibrillating atria Ax6 is tightly
associated with NCX and L-type Ca” channel in the sarcolemma suggest that spatially Ax6
directly acts on NCX and L-type Ca”" channel. In contrast, the segregation of Ax6 with the
cytoplasmic ryanodine receptor indicates that the effect of Ax6 on the cycle of Ca®"

release/uptake of sarcoplasmic reticulum is indirect. The findings of the present study further



supported the assumption that Ax6 maintains Ca®" homeostasis through the regulation of NCX

and/or L-type Ca>" channels in cardiomyocytes.

Study limitations

All patients in the present study had severe coronary artery disease. Therefore, the confounding
effects of ischemia on the atrial tissues from both the SR and AF patients should be considered. In
addition, although we have speculated that the decrease of Ax6 may lead to changes in atrial Ca®"
cycling, we did not provide evidence that Ax6 is part of the functional unit accounting for atrial
Na'/Ca®" exchange and/or Ca”" inward current, and mechanical parameters or alterations in Ca*"
currents were not assessed in this study. Clearly, further studies are required to clarify the effect
of ischemia on Ax6, to determine the temporal relationship between the decrease of Ax6 and the
onset of AF, and to identify specific targets(s) of Ax6 responsible for the regulation of

intracellular Ca®" in atrial myocytes.

Conclusion

In the atria of patients with severe coronary artery disease, chronic AF is associated with a
significant down-regulation of Ax6. This result together with the co-localization of Ax6 with
cardiac NCX and L-type Ca®" channels suggest that Ax6 may participate the regulation of
calcium homeostasis by acting as an upstream regulator of atrial NCX and/or L-type Ca®’
channels at the site of sarcolemma, and down-regulation of Ax6 during AF may be a form of

molecular compensation that favors improved atrial mechanical properties.



Figure legends

Figure 1. Down-regulation of Ax6 mRNA expression in chronic AF. A, representative polymerase

chain reaction results of the transcripts encoding cardiac Ax6 from patients with chronic AF and

sinus rhythm. B, relative amount of Ax6 gene expression in each atrium of the SR and AF group,

after calibrated using GAPDH. SR, sinus rhythm; AF, atrial fibrillation; RA, right atrium; LA, left

atrium; Ax6, annexin VI; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. *P<0.01

compared with the same atrium of the SR group.

Figure 2. Down-regulation of Ax6 protein expression in chronic AF as determined by Western

blotting. A, representative blots of Ax6 protein from patients with AF and SR. B, relative amount

of Ax6 protein, in each atrium of both groups, after calibrated using B-actin. Abbreviations are as

in figure 1. *P<0.01 compared with the same atrium of the SR group.

Figure 3. Down-regulation of Ax6 protein expression in chronic AF as determined by

immunoconfocal microscopy. A and B, Ax6 protein is abundantly expressed in both atria of the

SR group, however, the expression is markedly reduced in each atrium of the AF group (C and D).

Samples were immunostained with the mouse monoclonal antibody. Group and location of the

samples are denoted at top left. Abbreviations are as figure 1. Bar, 50 um.

Figure 4. Co-localization of Ax6 with NCX in human atrial appendage of both the SR and AF



groups. Note that in each row, the leftmost one is the superimposed image, in which the left half
is split into the remaining 3 images according to the recording channels. In each row, the group
and location of the samples are denoted at top left of the leftmost image. In the split image, the
antibody used is marked at the top. See text for details. All images are of the same magnification.
NCX, Na“/Ca®" exchanger. FITC, the autofluorescence background detected using the channel

designed for fluorescein isothiocynate. Other abbreviations are as Figure 1. Bar, 20 pm.

Figure 5. Co-localization of Ax6 with L-type Ca*" channel in human atrial appendage of both the
SR and AF groups. See text for details. Assembly of the images, the abbreviations, and the scale

are the same as in Figure 4.

Figure 6. Double labeling of Ax6 with ryanodine receptor in human atrial appendage shows
different location of both proteins. See text for details. Assembly of the images, the abbreviations,

and the scale are the same as in Figure 4.

Figure 7. Relationship between the mRNA and protein expression levels of Ax6 in right (A) and
left (B) atrial appendages. (®) represents AF patients (n=20), (O) represents SR patients (n=34).

Abbreviations are as Figure 1.



Tablel. Baseline Characteristics of the Study Patients

Characteristic AF SR p
(n=20) (n=34) value
Age, years 67+ 10 66+ 11 0.792
Sex, male/female 13/7 22/12 >(0.999
Duration of AF, months 21+20
Diabetes mellitus 8 (40) 10 (29) 0.618
Hypertension 11 (55) 12 (35) 0.259
Vessel number of CAD 25+0.7 2.6+0.6 0.493
History of previous MI 6 (30) 10 (29) >0.999
NYHA, functional class 22+0.7 22+0.6 0.987
Ejection fraction, % 50+ 12 49+ 11 0.725
RAP, mmHg 8.1+2.7 7.4+32 0.427
PCWP, mmHg 13.6 £3.1 12.0+£5.2 0.247
LAD, mm 48.6 £5.7 39.145.5 <0.0001
Therapy before surgery
B-blocker 12 (60) 19 (56) 0.992
ACEI/AT1 antagonist 10 (50) 20 (59) 0.729
CCB 7 (35) 14 (41) 0.872
Diuretics 8 (40) 12 (35) 0.957
Digitalis 6 (30) 7 (21) 0.517
Type of heart surgery
CABG 20 (100) 34 (100) >0.999
AVR 2 (10) 1(3) 0.548




Data are expressed as mean value £ SEM or number (%) of patients. AF = atrial fibrillation; SR =
sinus thythm; CAD = coronary artery disease; MI = myocardial infarction; NYHA = New York
Heart Association; RAP = right atrial pressure; PCWP = pulmonary capillary wedge pressure;
LAD = left atrial dimension; ACEI = angiotensin converting enzyme inhibitor; AT1 =
angiotensin II type 1 receptor; CCB = calcium channel blockade; CABG = coronary artery

bypass grafting; AVR = aortic valve replacement
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