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Expression of connexin 43, ion channels and Ca**-handling
proteins in rat pulmonary vein cardiomyocytes
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Abstract. Atrial fibrillation (AF) is the most common cardiac
arrhythmia. AF is thought to be triggered by ectopic beats,
originating primarily in the myocardial sleeves surrounding
the pulmonary veins (PVs). The mechanisms underlying
these cardiac arrhythmias remain unclear. To investigate
this, frozen sections of heart and lung tissue from adult rats
without arrhythmia were obtained in different planes, stained
with Masson's trichrome, and immunolabeled for connexin 43
(Cx43), caveolin-3 (Cav3), hyperpolarization-activated cyclic
nucleotide-gated channel 4 (HCN4), Na,1.5, Kir2.1, and the
calcium handling proteins sarcoplasmic/endoplasmic reticulum
calcium-ATPase 2a (SERCA2a) and ryanodine receptor 2
(RyR2). Transverse sections offered the best view of the
majority of the PVs in the tissue samples. Cx43 was observed to
be expressed throughout the atria, excluding the sinoatrial and
atrioventricular nodes, and in the myocardial sleeves of the PVs.
In contrast, HCN4 was only expressed in the sinoatrial and atrio-
ventricular nodes. The immunodensity of Cav3, Na,1.5, Kir2.1,
SERCAZ2a and RyR2 in the PVs imaged was similar to that in
atria. The results suggest that in the absence of arrhythmia, the
investigated molecular properties of the ion channels of rat PV
cardiomyocytes resemble those of the working myocardium.
This indicates that ectopic beats originating in the myocardial
sleeves of the PVs occur only under pathological conditions.

Introduction
Atrial fibrillation (AF) is the most common cardiac

arrhythmia (1). AF has a prevalence of >2.3 million in the United
States (2). Thromboembolism is the most serious complication
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of AF, with a 5-fold increased risk of stroke (3). In addition, AF
carries a 3-fold increased risk of heart failure (4,5), and a 2-fold
increased risk of both dementia (6) and mortality (3,7).

Clinical AF can be categorized as paroxysmal, persistent
or permanent (7). Paroxysmal AF, caused by focal drivers,
particularly in the ectopic sites in myocardial sleeves around
the pulmonary veins (PVs), can be eliminated by catheter
ablation (8,9). The proximal tunica media of the PVs, typically
referred to as the myocardial sleeve, is the primary source of
supraventricular ectopic activity. This site includes the left
atrial tissue extending to the PVs. However, the exact mecha-
nisms by which AF occurs in the myocardial sleeve are not
well-characterized, despite extensive studies (10-13).

Ectopic firing is driven by enhanced automaticity, early
after depolarizations and delayed after depolarizations (DADs).
The normal action potential in atrial cells remains at the resting
potential following repolarization. The resting potential is
maintained by high resting K* permeability via inward recti-
fier K* current (IK1). Pacemaker current (If) in atrial cells is
overwhelmed by much larger IK1 with no manifestation of auto-
maticity (14). Automaticity is attributed to decreased IK1 and/or
enhanced If (1). DADs are caused by abnormal diastolic release
Ca** from sarcoplasmic reticulum (SR) Ca?* stores. Ryanodine
receptor 2 (RyR2) is a specialized Ca** handling protein in the
SR, which releases Ca?* in response to transmembrane Ca**
entry. Sarcoplasmic/endoplasmic reticulum Ca**-ATPase 2a
(SERCA?2a) is another Ca®* handling protein, which mediates
the uptake of intracellular Ca** ([Ca*]i) in cardiomyocytes
to maintain SR Ca*" content. DADs are generated following
[Ca®*]i overload, for example in heart failure (15).

The conduction velocity of action potentials in the atria
serves an important role in AF (1). Conduction velocity is
primarily determined by inward currents causing depolariza-
tion (predominantly Na*) and gap junction channels (connexins)
providing cell-to-cell electric continuity. In the PVs, conduction
is also affected by myocardial sleeve disconnection and pattern,
which may provide a substrate for re-entry in the veins (16-18).

In the present study, histological studies were performed
to delineate the architecture of the PVs in rats. Furthermore,
rat heart samples were immunolabeled for the following six
possible markers of ectopic beat generation: Connexin 43
(Cx43), one of the most important gap junction channels; three
ion channel proteins, the hyperpolarization-activated cyclic



3234

nucleotide-gated channel 4 (HCN4, responsible for If current);
Na, 1.5 (mediates cardiac Na* current, INa); Kir2.1 (responsible
for cardiac IK1); and two Ca** handling proteins, SERCA2a
and RyR2. All of the proteins being identified were considered
to serve vital roles in ectopic beat generation, and thus may
help elucidate the mechanisms of ectopic beat generation in
the myocardial sleeves of PVs.

Materials and methods

Ethical approval. The experimental procedures in the
present study were approved by the University of Manchester
(Manchester, UK), and rats were handled in accordance with
the United Kingdom Animals (Scientific Procedures) Act,
1986 (19). Rats were sacrificed in accordance with the current
UK Home Office regulations on animal experimentation (20).

Animal and tissue preparation. In the present study 10 male
adult Sprague-Dawley rats (3 months old; 200-450 g; Charles
River UK, Ltd., Margate, UK) were used in the isolation of
7 hearts and 3 hearts + lungs. Rats were sacrificed by cervical
dislocation, followed 15 min later by intraperitoneal injection of
heparin (500 TUkg™"). The heart + lungs were isolated by opening
the thoracic cavity to expose the trachea. The exposed trachea
was raised with fine forceps and a small V-shaped nicked on
the top, followed by injection of between 3 and 4 ml Optimal
Cutting Temperature (OCT) compound into the lungs and subse-
quent ligation of the trachea. The heart + lungs were then rapidly
removed en bloc and washed in ice-cold phosphate buffered
saline (PBS) solution. Hearts were isolated by separation from
the lungs, the lungs were then dissociated from the hilum, leaving
behind a fragment of lung tissue on the hearts, in order to retain
the PVs, and washed with PBS. Samples were then embedded
in OCT and frozen in isopentane (cooled in liquid nitrogen to
-50°C). Coronal, transverse and sagittal sections of the heart
were obtained. Transverse sections of connected heart and lung
tissue were also obtained. Serial 20 ym cryosections at 100 ym
intervals were collected from the samples onto Superfrost glass
slides (Fisher Scientific; Thermo Fisher Scientific, Waltham,
MA, USA) using a cryostat (Leica CM3050 S; Leica Biosys-
tems, Nussloch, Germany) and stored at -80°C until required.

Histology. Bouin's fluid was used for 15 min to fix between
12 and 16 heart and heart + lung sections (at intervals of
400 pm). Sections were then washed three times (10 min each)
in 70% ethanol and stained with Masson's trichrome as previ-
ously described (21). Following staining, the tissue sections
were dehydrated with a gradient of ethanol (70 to 100%),
cleared in Histo-Clear (National Diagnostics, Hessle, UK) and
mounted with DPX mounting medium (Merck KGaA, Darm-
stadt, Germany). Using this technique, nuclei were stained
dark blue/black, cardiomyocytes were stained purple and
connective tissue blue. Stained samples were stored at room
temperature prior to analysis by light microscopy.

Antibodies. Eight primary antibodies were used in this study:
Mouse anti-Cx43 (polyclonal; 1:200; cat. no. AB1727; Chem-
icon, Livingston, UK); rabbit anti-Cx43 (polyclonal; 1:200;
cat. no. C6219; Sigma-Alrich, St. Louis, MO, USA); rabbit
anti-HCN4 (polyclonal; 1:50; cat. no. APC-052; Alomone Labs,
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Jerusalem, Israel); mouse anti-caveolin-3 (Cav3) (monoclonal;
1:500; cat. no. 610420; BD Biosciences, Oxford, UK); mouse
anti-RyR2 (clone C3-33; monoclonal; 1:100; cat. no. MA3-916;
Thermo Fisher Scientific); mouse anti-SERCA1/2 (clone Y/1F4;
monocolonal; 1:100; cat. no. AO10-21AP; Badrilla, Ltd., Leeds,
UK); rabbit anti-Na,1.5, corresponding to amino acid residues
493-511 (polyclonal; 1:50; cat. no. ASC-005; Alomone Labs);
and rabbit anti-Kir2.1, corresponding to amino acid residues
392-410 (polyclonal; 1:50; cat. no. APC-026; Alomone Labs).
The secondary antibodies used were the following: Donkey
anti-mouse conjugated to cyanine 3 (Cy3) polyclonal antibody
(1:500; cat. no. AP192C; Chemicon, Rolling Meadows, Illinois,
USA); donkey anti-rabbit conjugated to Cy3 polyclonal anti-
body (1:500; cat. no. AP182C; Chemicon, Rolling Meadows,
Illinois, USA); and donkey anti-rabbit conjugated to fluorescein
isothiocyanate (FITC) (polyclonal; 1:100; cat. no. sc-2090;
Santa Cruz Biotechnology, Inc., Dallas, Texas, USA).

Immunohistochemistry. Immunohistochemistry was conducted
using sections adjacent to those used for histology. Briefly,
sections were fixed with 10% buffered formalin (Sigma-Aldrich)
for 30 min and then washed with 0.01 M PBS (Sigma-Alrich)
three times at 10 min intervals. Sections were then treated with
0.1% Triton X-100 in PBS for 30 min, washed with PBS and
blocked in 1% bovine serum albumin (BSA; Sigma-Alrich) in
PBS for 1 h at room temperature. Sections were incubated with
the appropriate primary antibody (diluted in 1% BSA in PBS)
at 4°C overnight, washed three times with PBS over 30 min
and then incubated with the appropriate secondary antibodies
for between 90 and 120 min at room temperature in the dark.
Following three washes in PBS, coverslips were applied to
the slides using VECTASHIELD Mounting Medium (cat.
no. H-1000; Vector Laboratories, Inc., Burlingame, CA, USA)
and sealed with a nail varnish. Slides were stored in the dark at
4°C prior to analysis by confocal microscopy.

Confocal microscopy. Images representing single optical
sections were acquired using a confocal laser scanning micro-
scope (LSM 510; Zeiss, Oberkochen, Germany) equipped with
argon and helium-neon lasers, at excitation wavelengths of 488
and 568 nm to detect FITC and Cy3 respectively.

Results

Morphology of rat PVs. Heart and heart + lung samples
stained with Masson's trichrome were used for histology of
the PVs. Transverse tissue sections of heart samples were
stained purple for cardiomyocytes of the heart and PVs, blue
for connective tissue and navy/black for nuclei (Figs. 1 and 2).
The transverse view of the PVs allowed for the visualization of
portions of the four PVs and left superior vena cava. The PVs
extending from the atria narrowed as they terminated in the
lungs. However, the myocardial sleeves of the PVs varied in
thickness. For example, cardiomyocytes in the right superior
PV (RSPV) formed triangular regions that extended into the
loose adventitia (Fig. 1A, indicated by the thick red arrow).
The walls of the PVs comprised three layers as follows: A
thin compact layer close to the lumen of the intima, a middle
layer of cardiomyocytes and an outer layer of loose adventitia
(Figs. 1D and 2D).
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Figure 1. Histology of the pulmonary veins from transverse sections of the whole heart of rats without arrhythmia stained with Masson's trichrome. (A) Whole
heart section showing the locations of different structures, boxes represent the locations of B, C and D (scale bar, 5,000 gm). The thick red arrow indicates
cardiomyocytes in the RSPV that formed triangular regions that extended into the loose adventitia. (B) LA (scale bar, 50 ym). (C) SAN (scale bar, 50 ym).
(D) RSPV (scale bar, 50 ym). Cardiomyocytes of the heart and PVs are stained purple, connective tissue blue and nuclei navy/black. AO, aorta; PA, pulmonary
artery; RA, right atrium; LA, left atrium; SAN, sinoatrial node; RSPV, right superior pulmonary vein; RIPV, right inferior pulmonary vein; RSPV, left superior
pulmonary vein; LIPV, left inferior pulmonary vein; LSVC, left superior vena cava; int, intima; cm, cardiomyocytes; adv, adventitia.

Figure 2. Histology of the atria, ventricles, atrioventricular node and right superior pulmonary vein from coronal sections of the whole heart of rats without
arrhythmia stained with Masson's trichrome. (A) Coronal view of whole heart section showing locations of different structures, boxes represent the locations
of B, C and D (scale bar, 5,000 ym). (B) LV (scale bar, 50 ym). (C) AVN (scale bar, 50 gm). (D) RSPV (scale bar, 50 ym). LA, left atrium; RA, right atrium;
LV, left ventricle; RV, right ventricle; AVN, atrioventricular node; RSPV, right superior pulmonary vein; LSVC, left superior vena cava; int, intima; cm,

cardiomyocytes; adv, adventitia.

The coronal section from another heart specimen showed
the two atria, two ventricles, the atrioventricular node and one
right PV (Fig. 2A). The working myocardium [left ventricle
(LV) ] and PV cardiomyocytes were heavily stained (Fig. 2B
and D, respectively). However, the cardiomyocytes in the atrio-
ventricular node and the sinoatrial node were lightly stained
(Figs. 2C and 1C). Furthermore, the cellular orientation in the
sinoatrial node (Fig. 1C) was disorganized compared with the
working myocardium (LA; Fig. 1B) and PVs (RSPV; Fig. 1D).

PVs express Cx43 but not HCN4. PV expression of Cx43
and HCN4 was investigated (Figs. 3 and 4). HCN4 protein
was detected (green signal) in the plasma membrane of the
sinoatrial node (green signal; Fig. 3A) and the atrioventricular
node (data not shown). However, only a very weak HCN4
signal was detected in the working myocardium [green signal;
left atrium (LA); Fig. 3B] and throughout the myocardial
sleeves (Fig. 3C and D). Cx43 was identified in the working
myocardium (red signal; LA; Fig. 3B and green signal; LA;
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Figure 3. Immunohistochemistry of hyperpolarization-activated cyclic nucleotide-gated channel 4 (HCN4) and connexin 43 (Cx43) expression in transverse
sections of the whole heart of rats without arrhythmia. Expression of HCN4 (green) and Cx43 (red) in the (A) SAN, (B) LA, (C) RSPV and (D) LIPV. Scale
bar, 20 ym. (E) Masson's trichrome-stained transverse section of the whole heart, boxes represent the locations of A, B, C and D. Scale bar, 5,000 ym. LA, left
atrium; SAN, sinoatrial node; RSPV, right superior pulmonary vein; LIPV, left inferior pulmonary vein.

[ —
20 um

Figure 4. Immunohistochemistry of connexin 43 (Cx43) and caveolin 3 (Cav3) expression in transverse sections of the whole heart of rats without arrhythmia.
Expression of Cx43 (green) and Cav3 (red) in the (A) LA, (B) SAN, (C) RSPV and (D) LSPV. Scale bar, 20 ym. (E) Masson's trichrome-stained transverse
section of the whole heart, boxes represent the locations of A, B, C and D. Scale bar, 5,000 gm. LA, left atrium; SAN, sinoatrial node; RSPV, right superior

pulmonary vein; LSPV, left superior pulmonary vein.

Fig. 4A), the PVs (red signal; Fig. 3C and D and green signal
in Fig. 4C and D), but had a very weak signal in the sinoatrial
node (Figs. 3B and 4B, red and green signals, respectively).
The cardiac biomarker Cav3 was detected in cardiomyocytes
of the working myocardium (red signal; LA; Fig. 4A), the
cardiac conduction system, such as the sinoatrial node (red

signal; Fig. 4B), and the PVs (red signal; Fig. 4C and D). Cav3
expression in the PVs (stained purple in Figs. 1D and 2D)
confirms the presence of cardiomyocytes in PVs.

Shared protein expression patterns between the myocardial
sleeves of PVs and the working myocardium. Protein expression
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Figure 5. Immunohistochemistry of Na,1.5 expression in transverse heart + lung sections of rats without arrhythmia. Expression of Na,1.5 in the (A) RV,
(B) LAA, (C) LPV-p and (D) LPV-d. Scale bar, 20 gm. (E) Masson's trichrome-stained transverse section of the whole heart, boxes represent the locations of
A, B, C and D. Scale bar, 5,000 zm. RV; right ventricle; LAA, left arterial appendage; LPV-p, proximal left pulmonary vein; LPV-d, distal pulmonary vein.

LPV-p

LPV-d

Figure 6. Immunohistochemistry of Kir2.l expression in transverse heart + lung sections of rats without arrhythmia. Expression of Kir2.1 in the (A) RV,
(B) LAA, (C) LPV-p and (D) LPV-d. Scale bar, 20 ym. (E) Masson's trichrome-stained transverse section of the whole heart, boxes represent the locations of
A, B, C and D. Scale bar, 5,000 ym. RV; right ventricle; LAA, left arterial appendage; LPV-p, proximal left pulmonary vein; LPV-d, distal pulmonary vein.

patterns of the myocardial sleeves of PVs and the working
myocardium were investigated to identify any similarities (Figs.
5-8). The present study detected that Na,1.5 expression (green
signal) in the working myocardium, including the right ventricle
(RV) and left atrial appendage (LAA) (Fig. 5A and B, respec-
tively). Na,1.5 was also expressed in PV tissue, such as the left
PV (LPV; Fig. 5C and D). Expression of Na,1.5 was higher in

the RV (Fig. 5A) compared with the other tissues investigated.
Kir2.1 expression (red signal) was similar to that of Na,l.5,
and was detected in the working myocardium (such as the RV
and LAA in Fig. 6A and B respectively) and PVs (such as LPV
shown in Fig. 6C and D). Kir2.1 was more highly expressed in
the RV (Fig. 6A) compared with the other tissues investigated.
The striated pattern of Kir2.1 expression observed in Fig. 6A
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Table I. Proteins expressed in the working myocardium, sino-
atrial node and pulmonary veins.

Protein PVs LA LV RV RA SAN
Cav3 + + + + + +
Cx43 + + + + + -
HCN4 - - - - - +
Na,1.5 + + + + + N/A
Kir2.1 + + + + + N/A
RyR2 + + + + + N/A
SERCA2a + + + + + N/A

Symbols in the table indicate the following: +, presence; -, absence;
and + , weak presence of the indicated protein. N/A, no data collected.
PVs, pulmonary veins; LA, left atrium; LV, left ventricle; RV, right
ventricle; RA, right atrium; SAN, sinoatrial node; Cav3, caveolin-3;
Cx43, connexin 43; HCN4, hyperpolarization-activated cyclic
nucleotide-gated channel 4; RyR2, ryanodine receptor 2; SERCAZ2a,
sarcoplasmic/endoplasmic reticulum calcium-ATPase 2a; N/A, not
applicable.

likely corresponds to t-tubules. The Kir2.1 signal intensity in
the PVs (Fig. 6C and D) was comparable with that in the LAA
(Fig. 6B), but was weaker compared with the RV (Fig. 6A).

RyR2 (red signal) was abundantly expressed in a striated
pattern intracellularly in the working myocardium, particularly
in the area close to the cell surface (Fig. 7A and C), and in the
LPV (Fig. 7D). Two layers of myofibers were oriented differ-
ently in the LPV: One layer circumferentially around the lumen
and the other longitudinal to the LPV (Fig. 7D). In addition, an
intense and uniform reticular pattern of SERCA2a expression
was identified in the working myocardium, including the RV,
right atrium (RA) and LA (Fig. 8A-C, respectively). SERCA2a
expression in the RSPV (Fig. 8D) was similar to that of the
working myocardium. A summary of the proteins expressed
in the working myocardium, sinoatrial node and PVs is shown
in Table I.

Discussion

In the present study the histology and immunohistochemistry
of the PVs in adult rats without arrhythmia was investigated. It
was observed that the myocardial sleeves of the PVs extended
from the atria into the lungs. PV cardiomyocytes were
determined to express Cx43, Cav3, Na,1.5, Kir2.1, RyR2 and
SERCA2a, but not HCN4, at levels similar to the LA.

In 2008, a study reported the differences in the histology
of PVs between rodents and humans (22). Mice and rat
cardiomyocytes were found to typically extend along the PVs
from the hilus into the lung. However human extrapericardiac
cardiomyocytes were found in <30% of PVs and exhibited
an incomplete sleeve at the hilus. Furthermore, in humans,
cardiomyocytes were determined to occur significantly more
often in the RPVs than the LPVs and never in PVs within
the lungs. The present study identified the presence of rat
cardiomyocytes in PVs within the lungs, through staining of
the cardiomyocytes and identifying expression Cav3, which is
concentrated in the caveolae of cardiomyocytes.
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Consistent with the present study's identification of the pres-
ence of rat cardiomyocytes in PVs within the lung, a previous
study demonstrated the occurrence of electrically-induced
action potentials in rat cardiomyocytes of the distal PV in all
lobes of the lung (23). The action potentials were triangular and
atrial (23). In addition, prior research showed that the shape of
PV action potentials was similar to that recorded in the left
atrial cells of dogs and humans (17,24). However, another
study reported that, compared with the left atrial free-wall,
canine PV cardiomyocytes were characterized by lower nega-
tive resting membrane potentials, a lower maximum phase 0
upstroke velocity and shorter action potential duration (25).

Gap junction channels consisting of connexins mediate the
electric coupling between cardiomyocytes. Electric coupling in
the working myocardium is strong, allowing rapid conduction
of action potentials. However, poor electric coupling within
the sinoatrial node results in slow conduction (26,27), which
protects the pacemaking tissue from the hyperpolarizing effect
of the surrounding atrial muscle (28). Gap junctions are clus-
tered channels consisting of two hemichannels, each formed by
6 Cx proteins, which connect the cytoplasm of adjacent cardio-
myocytes (29). Three principal connexins are expressed in
cardiomyocytes, Cx43, Cx40, and Cx45 (30). Cx43 is expressed
in all chambers of the heart. In the present study, Cx43 expres-
sion in the PVs was similar to that in the working myocardium,
but in contrast to that in the cardiac conduction system (such
as the sinoatrial node). This finding indicates that the electric
coupling between PV cardiomyocytes is similar to that in the
working myocardium. Previous studies have found that pres-
ence of AF was accompanied with a reduction in atrial Cx43,
and that Cx43 gene therapy prevents persistent AF in animal
models (31,32), indicating that Cx43 serves a critical role in
AF. Therefore, the abundant PV expression of Cx43 found in
the present study strongly suggests that PV cardiomyocytes are
electrically well coupled, in contrast with the sinoatrial node.

The present study investigated three key cardiac ion
channels; HCN4, Na,1.5 and Kir2.1. Firstly, HCN4 protein
was identified to be present in the sinoatrial node, but only
in very small quantities in the atria and PVs. HCN4 is the
primary HCN isoform, responsible for the pacemaker current
(If). HCN4 is highly expressed in the sinoatrial nodes, but
not PVs, of small mammals and humans (33). However, one
study reported that sinoatrial node-like tissue is present in
human PVs containing the principal cells of the sinus node
(P cells), transitional cells and Purkinje cells (34). In addi-
tion, HCN4 expression in interstitial Cajal cells is capable of
generating a repetitive electrical rhythm within human PVs,
particularly in patients with a history of AF (35). The present
study determined that there were no ectopic focus cells that
expressed HCN4 in the PVs of adult rats without arrhythmia.
Interestingly, a recent study found that expression levels of
HCN2 and HCN4 channel mRNA and protein were lower in
the sinoatrial node, and higher in the atrium and PVs of aged
dogs, suggesting that atrial electrophysiology and regional
HCN2 and HCN4 channel expression are associated with the
onset and maintenance of age-related AF (36).

Secondly, the present study identified that Na,1.5, respon-
sible for cardiac INa, is present in the PVs and the working
myocardium of rats without AF. Expression of Na,1.5 in the
PVs, although weaker than that in the ventricles, was similar to
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Figure 7. Immunohistochemistry of ryanodine receptor 2 (RyR2) expression in transverse sections of the heart + lungs of rats without arrhythmia. Expression
of RyR2 in the (A) LV, (B) RV, (C) LAA and (D) LPV. Scale bar, 20 ym. (E) Masson's trichrome-stained transverse section of the whole heart, boxes represent
the locations of A, B, C and D. Scale bar, 5,000 gm. LV, left ventricle; RV, right ventricle; LAA, left atrial appendage; LPV, left pulmonary vein.

LA

RSPV

Figure 8. Immunolabeling of sarcoplasmic/endoplasmic reticulum calcium-ATPase 2a (SERCA?2a) expression in coronal sections of the whole heart of rats
without arrhythmia. Expression of SERCA2a in the (A) RV, (B) RA, (C) LA and (D) RSPV. Scale bar, 20 ym. (E) Masson's trichrome-stained coronal section
of the whole heart, boxes represent the locations of A, B, C and D, scale bar, 5,000 zm RV, right ventricle; RA, right atrium; LA, left atrium; RSPV, right

superior pulmonary vein.

that in the atria. In contrast, a previous study found that Na, 1.5
was absent in the majority of sinoatrial node cells (28). This
suggests that there is differential expression of Na,1.5 in PVs
and the sinoatrial node.

Thirdly, the results of the present study determined that the
Kir2.1 expression profile in the PVs is similar to that of Na,1.5.

Kir2.1 expression is associated with IK1. In the working
myocardium, IK1 serves an important role in the final phase
repolarization of the action potential and in the generation of
resting membrane potential (37). Weak Kir2.1 expression in
the sinoatrial node compared with the atrial muscle leads to
a lack of stable resting potential in the sinoatrial node (21,28).
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Chen et al (38) reported that canine PV cardiomyocytes with
spontaneous activity have a significantly lower IK1 density.
However, the present study found that the Kir2.1 expression in
the PVs was similar to that in the atrium. This result suggests
that unlike the sinoatrial node cells, cardiomyocytes of the
PVs have a more stable resting potential. Although, a previous
study suggested that lower levels and the subcellular distribu-
tion of Kir2.3 in canine PVs may contribute to their smaller
IK1 density (39).

Finally, the present study investigated two Ca**-handling
proteins, RyR2 and SERCAZ2a. In the heart, [Ca*"]i move-
ments regulate subsequent mechanical contractions. In
cardiac excitation-contraction coupling, RyR2 represents
the SER Ca® release channel. SERCA?2a is a Ca**-ATPase
that transfers Ca** from the cytosol of cardiomyocytes to the
lumen of the SR, at the expense of ATP hydrolysis. During
systole, Ca*" is released from the SR through the RyR2.
Subsequently, Ca** binds to troponin C and initiates the
cross-bridge movement of the myofibrils, resulting in force
development and contraction. During diastole, SERCA2a
rapidly sequesters Ca** into the SR for cardiac relax-
ation (40,41). The present study compared the expression of
RyR2 and SERCA2a between PVs and working myocytes.
RyR2 and SERCA2a were identified in the PVs and the
working myocytes, as previously reported (42,43). Their
pattern of expression in PV cardiomyocytes resembled the
pattern found in the atria, which explains the molecular basis
of their contractile response to electrical excitation (44,45).
In addition, intracellular Ca?* serves an important role in
pacemaking in small mammals (46). RyR2 dysregulation
and enhanced SERCAZ2a activity increase SR Ca** leakage
and release events, causing DADs in paroxysmal AF.
Although the expression of the Na*- Ca®* exchanger does
not vary between tissues, RyR2 and SERCA2a were identi-
fied to be less abundant in the sinoatrial node than in atrial
cells in humans (21). In the present study, similar expres-
sion patterns of RyR2 and SERCA2a were found between
PV cardiomyocytes and atrial cells in adult rats without
arrhythmia. This indicates different expression patterns of
RyR2 and SERCA2a between PV cardiomyocytes and the
sinoatrial node. PV arrhythmogenesis, caused by abnormal
Ca? regulation likely occurs only under pathological condi-
tions, such as heart failure and dilated atria, resulting in
remodeling of Ca*-handling proteins and altered intracel-
lular Ca** dynamics (47).

The present study had a number of limitations. Firstly,
data was derived from adult rats without arrhythmia, which
does not address the clinical realities of AF. Electrical
remodeling in the myocardial sleeves of the PVs under patho-
logical conditions may contribute to ectopic beats. Secondly,
only histological and immunohistochemical studies were
conducted. Minor differences between cardiomyocytes of rat
PVs vs. left atrium were undetectable due to methodological
constraints. Therefore, further investigations are needed
to elucidate the molecular mechanisms contributing to the
generation of ectopic beats.

In conclusion, the expression of Cx43, the three key
cardiac ion channels (HCN4, Navl.5 and Kir2.1) and the two
Ca®-handling proteins (RyR, and SERCA2a) in the PVs of
adult rats without arrhythmia is similar to that in the working

XIAO et al: A STUDY OF THE MYOCARDIAL SLEEVES OF RAT PULMONARY VEINS

myocardium, but unlike the sinoatrial node. The results of
the present study suggested that PV cardiomyocytes of adult
rats without arrhythmia are electrically well coupled and have
a stable resting potential. This indicates that ectopic beats
originating in the myocardial sleeves surrounding the PVs are
likely associated with pathological conditions, such as heart
failure.
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