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Abstract The collar of the pulmonary vein (PV) is the focal
point for the initiation of atrial arrhythmias, but the mecha-
nisms underlying how PV cells differ from neighboring left
atrial tissue are unclear. We examined the biophysical and
molecular properties of INa in cells isolated from the canine
pulmonary sleeve and compared the properties to left atrial
tissue. PV and left atrial myocytes were isolated and patch
clamp techniques were used to record INa. Action potential
recordings from either tissue type were made using high-
resistance electrodes. mRNAwas determined using quantita-
tive RT-PCR and proteins were determined by Western blot.
Analysis of the action potential characteristics showed that PV
tissue had a lower Vmax compared with left atrial tissue. Fast
INa showed that current density was slightly lower in PV cells
compared with LA cells (−96 ± 18.7 pA/pF vs. −120 ± 6.7 pA/
pF, respectively, p < 0.05). The recovery from inactivation of
INa in PV cells was slightly slower but nomarked difference in
steady-state inactivation was noted. Analysis of late INa during
a 225-ms pulse showed that late INa was significantly smaller
in PV cells compared to LA cells at all measured time points
into the pulse. These results suggest PV cells have lower den-
sity of both peak and late INa. Molecular analysis of Nav1.5
and the four beta subunits showed lower levels of Nav1.5 as
well as Navβ1 subunits, confirming the biophysical findings.
These data show that a lower density of INa may lead to de-
pression of excitability and predispose the PV collar to re-
entrant circuits under pathophysiological conditions.

Keywords Sodium current . Atria . Pulmonary vein . Patch
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Introduction

Atrial fibrillation (AF) is the most common arrhythmia in the
clinical setting, affecting about 2.5 million people in the USA.
There are several treatment options for the effective treatment
and management of AF, one being antiarrhythmic drug thera-
py. Among the current strategies is the use of antiarrhythmic
agents that preferentially affect atrial tissue rather than ven-
tricular electrophysiology. These treatment strategies include
inhibition of the ultrarapid delayed rectified potassium current
(IKur) which is thought to be present in atria but not ventricles
[15, 16]. More recent treatment involves the use of atrial se-
lective sodium channel blockers to suppress AF [5, 36].

Previous studies from our labs have shown there are tissue-
specific differences of INa in the canine heart. In ventricles for
example, epicardial INa has a significantly more negative
steady-state mid-inactivation potential compared with endo-
cardial [11]. In addition and in agreement with other studies
[5, 27], we found that atrial INa has a higher current density
and a more negative steady-state mid-inactivation potential
compared to ventricular INa [7]. The negative steady-state
mid-inactivation potential will tend to leave a larger fraction
of atrial INa channels in an inactivated state resulting in a larger
pool of inactivated channels. Pathological conditions such as
ischemia or acidosis may further reduce INa and cardiac con-
duction [19, 31].

Abnormal electrical activity localized in the collar of the
pulmonary vein (PV) has been shown to initiate many of the
AF episodes in humans. The discovery that the PV area initi-
ates many AF episodes has led to the novel work of
Haissaguerre et al. who successfully isolated and ablated the
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PVarea resulting in a marked suppression and termination of
AF episodes in patients [20, 25]. However, the mechanism by
which PV tissue is the focal point of AF is not completely
understood. Previous studies have looked at some of the elec-
trophysiological characteristics in the two cell types, but with
differing results [12, 14] .

In this study, we isolated myocytes from the LA and PV
region and examined the molecular and biophysical differ-
ences of peak and persistent (or late) Na+ current. Results of
our study showed that PV cells exhibited a lower peak Na+

current compared to left atrial cells; no effect on steady-state
activation but a small shift in inactivation was observed.
Recovery from inactivation in PV cells was slightly slowed.
The density of persistent or late INa was also slightly lower in
PV vs. atrial cells. Molecular analysis revealed PV cells had a
lower expression of Nav1.5 consistent with the lower INa den-
sity. In addition, differences in the ratios of beta subunits be-
tween the two cell types were noted. Our observations suggest
that Na+ current is smaller in PV cells compared to LA. These
observations suggest that certain pathophysiological con-
ditions would further reduce Na+ current in PV cells,
resulting in conditions favorable for reentry to develop
around the PV collar.

Methods

Adult mongrel dogs of either sex (age 1–4 years) were
used for all experiments, and this investigation conforms
to the Guide for Care and Use of Laboratory Animals
published by the National Institutes of Health (The Eighth
Edition of the Guide for the Care and Use of Laboratory
Animals (NRC 2011)). All protocols were approved by the
Institutional Animal Care and Use Committee. Dogs were
anticoagulated with heparin and anesthetized with pentobar-
bital (30–35 mg/kg, i.v.). The chest was open via a left
thoracotomy, the heart excised, and placed in cold
cardioplegic solution of the following composition (in
mM): NaCl 129, KCl 12, NaH2PO4 0.9, NaHCO3 20,
CaCl2 1.8, MgSO4 0.5, and glucose 5.5.

Isolated tissue action potential recordings

Atrial or pulmonary vein tissue was isolated and superfused
with oxygenated (95% O2/5% CO2) Tyrode’s solution of the
following composition (in mM): NaCl 129, KCl 4, NaH2PO4

0.9, NaHCO3 20, CaCl2 1.8, MgSO4 0.5, and glucose 5.5,
pH = 7.4. All preparations were allowed to equilibrate until
the action potentials reached steady state. Tissues were stim-
ulated at basic cycle lengths (BCL) of 500–2000 ms (2–5 ms
duration) delivered through silver bipolar electrodes.
Transmembrane action potentials were recorded from tissue
using glass microelectrodes filled with 2.7 M KCl (10–

30 MΩ) connected to a high input-impedance amplification
system (Electro 705 Electrometer, World Precision
Instruments). The signals were digitized at 20 kHz (model
1401 AD/DA system, Cambridge Electronic Designs
(C.E.D.)) and analyzed using the Spike 2 acquisition software
(C.E.D.).

Isolated atrial myocyte preparation

Atrial myocytes were prepared from canine hearts using tech-
niques described previously [6, 7]. Briefly, the left atria were
dissected and perfused through the ostium of the coronary
artery. During the cannulation procedure, the preparations
were perfused with cardioplegic solution before switching to
a nominally Ca2+-free solution (mM): NaCl 129, KCl 5.4,
MgSO4 2.0, NaH2PO4 0.9, glucose 5.5, and NaHCO3 20,
bubbled with 95% O2/5% CO2 containing 0.1% BSA for a
period of about 5 min. The preparation was then subjected to
enzyme digestion with the nominally Ca2+-free solution sup-
plemented with 0.5 mg/ml collagenase (type II, Worthington),
0.1 mg/ml protease (type XIV, Sigma), and 1 mg/ml BSA for
8–12 min. The pectinate muscle was then isolated and placed
in a separate beaker. Tissue was minced and incubated in fresh
buffer containing 0.5 mg/ml collagenase, 1 mg/mL BSA and
agitated. The supernatant was filtered, centrifuged at 200 rpm
for 2 min, and the myocyte-containing pellet was stored in
0.5 mM Ca2+ HEPES buffer at room temperature.

Isolation of pulmonary vein cells

Pulmonary vein (PV) cells were prepared by the chunk meth-
od [6, 13]. Briefly, the collar of the pulmonary vein was dis-
sected out, placed in a small dish, and minced. Tissue was then
subjected to enzyme digestion with nominally Ca2+-free solu-
tion supplemented with 1.0 mg/ml collagenase (type II,
Worthington) and 30 mM 2,3-butanedione monoxime
(BDM) at 36 °C. Dissociation of cells from the tissue was
aided by agitation of the enzyme solution with a small stir
bar. Periodically, the enzyme solution containing PV cells in
suspension was removed and added to a modified storage
solution (described above). Fresh enzyme solution was added
to the undigested PV tissue to maintain a volume of 2 ml.
Digestion of the PV tissue into individual myocytes typically
required 15–45 min. Cells were kept in low-Ca2+ storage so-
lution at room temperature until use.

Voltage clamp recordings of peak INa

Early sodium current, INa, was measured as previously de-
scribed with minor modifications [3, 7, 11]. Experiments were
performed using a MultiClamp 700A (Molecular Devices,
Foster City, CA). Command voltages were delivered and data
acquired via a DigiData 1322 computer interface using
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pClamp 9 (Molecular Devices) with data stored on a computer
hard disk. Patch pipettes were pulled from borosilicate glass
(1.5 mm o.d. and 1.1 mm i.d.) on a Model PP-830 vertical
puller (Narashige Instruments, Japan). The electrode resis-
tance was 0.9–2.0 MΩ when filled with the internal solution
(see below). The membrane was ruptured by applying nega-
tive pressure and series resistance compensated by 75 to 80%.
Whole cell current data was acquired at 20–50 kHz and fil-
tered at 5 kHz. The capacitance of the cell was measured by
integrating the transient charge following application of a −5-
mV voltage clamp step. Currents were normalized to cell ca-
pacitance and expressed as density (pA/pF).

External solution contained the following (in mM): choline
Cl 120, NaCl 10, Na+ acetate 2.8, CaCl2 0.5, KCl 4, MgCl2
1.5, CoCl2 1, glucose 10, HEPES 10, NaOH 5, and BaCl2 0.1,
pH adjusted to 7.4 with NaOH/HCl. The pipette solution
contained the following (mM): NaCl 15, CsF 120, MgCl2 1,
KCl 5, HEPES 10, Na2ATP 4, and EGTA 10, pH adjusted to
7.2 with CsOH. Peak sodium current was dramatically re-
duced in the low extracellular sodium to ensure adequate volt-
age control, as gauged by the slope of a Boltzmann fit to the
steady-state activation curve [26]. When measuring sodium
channel kinetics and density, the holding potential was
−120 mV to recruit all available sodium channels. In addition,
recordings of INa were made at least 5 min after rupture to
minimize the effects of time-dependent negative shift of
steady-state inactivation that occurs in conventional volt-
age clamp experiments. Whole cell currents were ana-
lyzed using the Clampfit analysis program from pClamp
9 (Molecular Devices).

Voltage clamp recordings of late INa

Late INa density was a measured in full external Na+ [31, 35]
with minor modifications [4]. The external solution contained
the following (in mM): 125 NaCl, 2.8 Na-Acetate, 4 KCl, 0.5
CaCl2 , 1 .5 MgCl2 , 10 glucose , 5 TEA-Cl , 2 4-
aminopyrindine, 0.5 BaCl2, 1 CoCl2, and 10 HEPES
(pH = 7.4 with NaOH). Pipette solution contained the follow-
ing (mM): NaCl 15, CsF 120, MgCl2 1, KCl 5, HEPES 10,
Na2ATP 4, and EGTA 10, pH adjusted to 7.2 with CsOH.

Late INa density was recorded in cells that were held at
−80 mV. To remove steady-state inactivation and recruit all
Na+ channels, a pulse to −120 mV was applied before a 225-
ms pulse to −30 mV. The protocol was performed under con-
trol followed by rapid application of 10 μM TTX. Late INa,
characterized as the TTX-sensitive difference current, was
measured at various time intervals throughout the 225-ms step.

Quantitative real-time PCR

qPCR analysis was performed with the QuantStudio 6 Flex
Real-Time PCR System (Applied Biosystems, CA, USA).

Total RNA was extracted with RNAeasy Micro (cells) and
Mini or Trizol (tissues) Kits (Qiagen, CA, USA). One hundred
nanograms total RNA from each of the pooled PVC cells/
tissues or atrial tissue samples were reverse transcribed with
SuperScriptTM First Strand Synthesis System for RT-PCR
(Invitrogen, CA, USA). Real-time PCR was performed in
triplicates for every sample using primers listed in Table 1.
Using SYBR Green/ROX probe (Thermo Fisher, MA,
USA), averaged Ct values of each qPCR reaction from the
target gene were normalized with the average Ct values of
the housekeeping gene 18S, which ran in the same reaction
plate to obtain the ΔCt value. Expression was normalized from
ΔCt values for each gene against the reference housekeeping
gene 18S, using the formula 2−ΔΔCt (1 × 106) [28]:

Western blotting

Protein analysis was performed as previously described with
minor modifications [3, 8, 21]. Atrial and PV tissue from 3
dogs was snap-frozen in liquid nitrogen and stored in −80 °C
prior to protein isolation. Membrane proteins were isolated
using the Proteo Extract Native Membrane Kit (Calbiochem)
according to the manufacturer’s protocol. Protein concentra-
tion was determined by BCA assay (Pierce BCA Protein
Assay). Samples were denatured 10 min at 65 °C with
355 mM β-mercaptoethanol, separated on precast polyacryl-
amide 4–15% Tris-HCl gels (Bio-Rad) and transferred to
polyvinylidene fluoride (PVDF) membranes. The PVDF
membranes were incubated overnight at 4 °C with the follow-
ing primary antibodies: rabbit polyclonal anti-Nav1.5 (1:3000
dilution, Sigma-Aldrich), rabbit polyclonal anti-Nav β 1
(1:3000 dilution, Alomone Labs), and mouse monoclonal
anti-pan cadherin (1:3000, Abcam) was used as a loading
control. Secondary antibodies were HRP-conjugated goat
anti-rabbit IgG (1:10,000, Bio-Rad) and goat anti-mouse
IgG (1:10,000, Bio-Rad). The proteins were visualized using
the Bio-Rad ChemiDoc Imaging System.

Statistics

Results from pooled data are presented as mean ± SEM.
Statistical analysis was performed using an ANOVA test
followed by a Student-Newman-Keuls test or a Student’s t
test, as appropriate, using the SigmaStat software. A
p < 0.05 was considered statistically significant.

Results

As an initial basis of comparison, APs and Vmax were simul-
taneously recorded in either left atrial or PV tissues. Figure 1
shows AP recordings (top traces) from either a pulmonary
vein (panel a) or left atrial (panel b) preparation paced at
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various cycle lengths. Analysis of the AP characteristics
showed that the average resting membrane potential was
−81.7 ± 2.35 mV (n = 10) for PV preparations and
−82.9 ± 1.5 mV for LA tissue (n = 5). Also, a statistically
significant prolongation of APD85 in atrial compared to PV
tissue was noted at all three pacing cycle lengths (Fig. 1c). In
addition, APD was longer in atrial tissue at several other cycle

lengths. The upstroke velocity (an index of INa) showed that
LA and PV sleeves had a similar Vmax (202.8 ± 49.4 V/s vs.
189.5 ± 40.7 V/s, respectively).

The small differences in upstroke velocity as well as the
greater APD observed in atrial tissue compared to PV sleeves
may suggest that both peak and later Na+ current in atrial
tissuemay be larger. To test this hypothesis, wemeasured both

Table 1 Oligonucleotide
sequences of the primers used for
RT-PCR

Gene name Forward primer Reverse primer

SCN5A CACCATGTGCATCGTCCTTAAC CCATGAGGCTCAGGATGACAAT

SCN1B TCTTCTTCGAGAACTACGAG CATACATCATGATCTCCGAC

SCN2B TACACAGTGAACCACAAAC CAGGTTAATGATCTTCATGC

SCN3B ATATTGCTACAGGAAGGTCTC GCTCTCTTTGTTCTCTGA

SCN4B AAATTCAGCTCATAGACGG CTTTCTTTAGTGGAACCCTC

18S CGCCGCTAGAGGTTGAAATTC TCCGACTTTCGTTCTTGATTAATG

Fig. 1 Representative action potentials recorded from pulmonary vein (a) or left atrial tissue (b) at three stimulation rates. Mean data summarizing APD
at different repolarization time points in atria and PV tissue (c)
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peak and late INa in the two cell types. Peak INa was measured
in low extracellular sodium buffer to ensure adequate voltage
control. Representative INa traces recorded from an atrial and
PV cell are shown (Fig. 2a, b). Analysis of the I-V relation
(Fig. 2c) showed that peak INa density was larger in atrial cells
compared to PV cells (−120 ± 6.7 pA/pF vs. −96 ± 18.7 pA/
pF, respectively, p < 0.05) but no shift in the activation thresh-
old was noted. We also measured steady-state activation from
the I-V curves. Chord conductance was determined using the
ratio of current to the electromotive potential for the cells
shown in panel c and a Boltzmann curve was fit to the data.
Analysis of steady-state activation showed mid-activation
voltages (V1/2) of −45.2 ± 0.42 mV, k = 5.2 ± 0.36 for atria
and −43.7 ± 0.41 mV, 5.91 ± 0.37 for PV cells (Fig. 2d).

We next evaluated steady-state inactivation in atrial and PV
cells. Peak current following a 500 ms prepulse was normal-
ized to the maximum current and plotted as a function of the
prepulse voltage. A Boltzman function was then fit to the data.
Representative traces recorded from atrial (Fig. 3a) and PV

cells (Fig. 3b) are shown. Figure 3c shows there was a small
but significant difference in the mid-inactivation potential be-
tween the two cell types (V1/2 = −80.1 ± 0.07 mV,
k = 4.91 ± 0.06 for atrial vs. V1/2 = −82.0 ± 0.21 mV,
k = 5.05 ± 0.18 for PV, p < 0.05). These results show that
PV cells exhibit a decrease density in peak INa and a small
negative shift in steady-state inactivation.

In the next series of experiments, we determined if recov-
ery from inactivation of INa was dramatically different in atrial
and PV cells. Recovery was determined using a standard dou-
ble pulse protocol separated by various time intervals (voltage
clamp protocol shown at the top of the figure). Representative
traces recorded from a PVand atrial cell showing INa recovery
at hp = −100 mV (Fig. 4a–b). Recovery of INa was slightly
slower in PV cells compared to atria at all three holding po-
tentials examined. In atria, reactivation of INa at hp = −100mV
had a fast and slow phase of recovery as follows: (i)
tau1 = 7.86 ± 0.47 ms and tau2 = 37.0 ± 2.02 ms. In contrast,
PV cells exhibited a slower recovery from inactivation as

Fig. 2 Representative INa recordings from a PV (a) and left atrial
myocyte (b). Current recordings were obtained at test potentials
between −80 and 15 mV in 5-mV increments. The holding potential
was −120 mV. c I–V relation for PV (n = 7) and left atrial myocyte
(n = 13) showing a small but significant reduction in INa magnitude in

PV cells. d Steady-state activation relation for PVand atrial cells. Chord
conductance was determined using the ratio of current to the
electromotive potential for the cells shown in a and b. Data were
normalized and plotted against their test potential
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follows: (i) tau1 = 8.15 ± 1.43 ms and tau2 = 41.43 ± 2.65 ms
(p = NS for fast phase; p < 0.05 for slow phase)

The results thus far show that peak INa density was smaller
in atrial cells vs. PV cells. Since peak INa was smaller, we
surmised that persistent (or late) INa was also reduced.We next
measure late INa during a 225-ms test pulse in full external Na+

at 37 °C. Currents measured from a control PV myocyte mea-
sured at −30 mV are shown in the absence of drug and after
application of 10 μM TTX (Fig. 5a). Subtraction of the TTX
trace from the drug-free trace results in the TTX-sensitive
difference current shown in Fig. 5b. Similar subtractions were
performed in atrial and PV cells and the mean TTX-sensitive
current are summarized (Fig. 5b–c). Analysis of late INa
during a 225-ms pulse showed the atrial cells had a
significantly larger late INa compared to PV cells at all
measured time points (Fig. 5c).

Our biophysical results show a lower density of INa in PV
cells as well as differences in the biophysical properties be-
tween the two cell types. We next examined mRNA gene
expression levels of SCN5A (encoding Nav1.5) and SCN1B-
4B (encoding β1-4 subunit isoforms) in atrial and PV
cardiomyocytes. The expression for each Na+ channel subunit
was compared to the housekeeping gene (18S) using

quantitative RT-PCR analysis (Fig. 6).We found that the alpha
subunit, SCN5A, was the highest gene expressed compared
with the beta subunits in the canine heart. These results show
a significant higher expression of SCN5A and SCN1B fold in
the atria compared to the PVC. However, PV tissue showed
higher levels of SCN2B and SCN4B compared to atria.

To determine if differences in transcript was paralleled at
the protein level, we assessed Nav1.5 and Navβ1 by Western
blot analysis (Fig. 7). Representative Western blot gels are
shown in Fig. 7a. A diffuse doublet band (denser high band)
was discernible in the anti-Nav1.5 blot, and 3–5 bands were
discernible in the anti-Navβ1 blot, consistent with previous
reports indicating differential glycosylation states [34]. The
anti-Nav1.5 blot tended to indicate more Nav1.5 in the PV
than in LA, and the anti-Navβ1 blot tended to indicate less
Navβ1 in the PV than in the LA. However, densitometry anal-
ysis indicated that neither was statistically significant (Fig. 7b).

Discussion

The results of our study demonstrated important functional
differences in both peak and late INa in PV tissue vs. atria.

Fig. 3 Representative steady-
state inactivation recordings from
a PV (a) and left atrial cell (b). At
the top of the figure is the voltage
clamp protocol. Peak current was
normalized to their respective
maximum values and plotted
against the conditioning potential.
The mean data for the steady-state
inactivation relation is shown (c)
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Indeed, PV cells had a lower density of both peak and persis-
tent (or late) INa than atrial cells. Analysis of the biophysical
gating parameters showed that PV cells had a more negative
steady-state inactivation V½ and slower recovery from inac-
tivation compared to atrial cells. Examination of the main
alpha subunit, Nav1.5, showed lower levels of message (by
qPCR) but equivalent levels of the protein (byWestern blot) in
PV cells. Interestingly, several of the beta subunits were also
differentially expressed in the two tissue types although the
functional significance of these differences is unknown. The
lower INa density in PV cells may result in a differential re-
sponse of these tissue types to pathophysiological conditions.

Comparison with previous studies

In the canine heart, important regional differences in INa have
been identified and described. For example, we and others
have previously shown that INa in atria had a greater density
andmore negative steady-state inactivation curve compared to
ventricle [5, 7, 27]. Other studies examining tissue-specific
differences in INa have shown that ventricular Epi INa had a
more negative steady-state mid-inactivation potential com-
pared to Endo, but no differences in current density was noted
[11]. Previous studies comparing INa in PV in atria has yielded
differing results. For example, there were no observed differ-
ence in INa density between atria and PV cells in canine
cardiomyocytes [14]. In contrast, rat myocytes exhibited a

larger peak INa in PV cells compared with that in atria [22]
while the results of our study demonstrate a larger peak and
late INa in atrial cells compared to PV cells. We found that late
INa was smaller in PV compared to atrial cells. Interestingly,
both cell types exhibited a larger late INa compared to ventric-
ular cells under similar recording conditions. Despite the larg-
er late INa, APD in atrial tissue tends to be much smaller
compared to ventricle. The presence of atrial-specific K+ cur-
rents such as the ultrarapid delay rectifier (IKur) [16] and the
acetylcholine sensitive (IK,Ach) K

+ current [6, 30] may in-
crease repolarization reserve in atrial tissue and shorten APD
compared to ventricle.

Biophysical and molecular analysis of INa

The α and β subunit composition of INa differs between PV
and atrial cells. It is well established that INa in cardiac
myocytes is not simply the presence of the pore-forming α
subunit but that other proteins are involved. Some of these
proteins include several β subunits which combine to form
the Na+ channel complex [24]. In addition, INa in cardiac
myocytes is mainly composed of the cardiac isoform
(Nav1.5) with a lesser amount of various neuronal isoforms
[21, 29]. Interestingly, the mRNA expression of β1–β4 sub-
units was remarkably different with PV cells expressing less
β1 compared to atrial (Fig. 6). Our qPCR and electrophysio-
logical experiments showed that Na+ channel current and

Fig. 4 Representative traces recorded from a PV (a) and left atrial (b)
showing recovery from inactivation. Recover was measured using two
identical voltage clamp steps to −20mV from a holding potential of either

−80, −100, or −120 mV separated by selected time intervals. The
recovery time-course of INa recorded from the two cell types at the
different holding potentials (c–e)
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message was lower in PV vs. LA. However, results of our
Western blot experiments revealed that both Nav1.5 and
Navβ1 protein was statistically similar. There was a trend that
PV contained more Nav1.5 and less Navβ1 compared to LA.
One would expect higher Nav1.5 protein levels to yield a
larger INa, but the lower Navβ1 may offset this difference.
While theβ subunits do not generate any current, the presence
of β subunits alters the biophysical properties of INa. Studies
have shown that the presence of these subunits can facilitate
trafficking of Nav1.5 to the membrane, alter the rate of recov-
ery from inactivation, and shift the steady-state inactivation

curve [23]. In a recent study, Chen et al. [10] investigated the
molecular mechanism responsible for the differences in INa
observed in atria vs. ventricular cells. Results of the study
showed that Navβ2 and Navβ4 expression was much lower
in atrial tissue. The authors speculate this lower expression of
beta subunits is responsible for the distinct biophysical prop-
erties of INa in atria, namely a more negative steady-state in-
activation, and a faster activation and inactivation. The au-
thors further demonstrate a differential sensitivity of INa to
the Na+ channel blocker dronedarone [10].

Differences under pathophysiological conditions

Previous studies have found differences in ion channel density
between atrial and PV tissue. For example, modeling studies
suggested that during atrial fibrillation, there is an attraction of
the electrical wavefront to the PV and differences in IK1 gra-
dient are critical to the formation of rotors [9]. Although INa
was not evaluated in that study [9], it is established that re-
gional variations in INa density contributes to dispersion of
repolarization and arrhythmia formation [1]. Differences in
repolarization gradients may further increase dispersion of
repolarization [2]. Our results show there are small but signif-
icant differences in the inactivation characteristics, recovery,
and density of Na+ channels in the two cell types. Steady-state
inactivation in PV cells showed a half-inactivation voltage
that is about 2 mV more negative and a recovery from

Fig. 5 a Representative late INa
recorded during a train of five
pulses in control solution and
after application of TTX (10 μM).
b Subtraction of the traces shown
in a yielded TTX-sensitive late
INa. c Bar graph showing late INa
density in the 2 cell types during
the 225 ms pulse to −30 mV.
*P < 0.05 vs. control

Fig. 6 Bar graph comparing fold changes in the pulmonary vein (n = 5)
relative to left and right atria (n = 18) for five voltage-gated sodium
channel genes in the canine heart. Expression was normalized from ΔCt
values for each gene against reference gene 18S. *P < 0.05
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inactivation that is slower than that of atrial cells. While these
differences may not be important under normal conditions,
our results strongly suggest these differences may become
important during pathophysiological conditions such as dur-
ing ischemia or acidosis. This would lead to a greater depres-
sion of PV tissue, particularly at depolarized potentials, lead-
ing to conduction slowing or block, all of which lead to con-
ditions favorable for the development of re-entrant arrhyth-
mias. Acidosis alone reduces the magnitude of peak INa by
about 40% [31, 33] whereas elevated external K+ reduces
Vmax of the action potential by leaving a larger pool of Na+

channels in the inactivated state [11, 17–19].
While our results suggest differences in INa characteristics

between PVand atria can contribute to arrhythmia formation,
other mechanisms are also important. Indeed, optical mapping
studies of the PV/LA junction have shown regions with longer
APDs in close proximity to regions of shorter APDs, creating
conditions favorable for the development of reentry within the
PV [2]. Interestingly, the same study noted that Vmax was
lower in PV compared to atrial tissue, leading the authors to
speculate that INa may be lower in PV tissue; however, more
fibrosis in the PV area may also contribute to slower conduc-
tion. Our results demonstrating that INa is lower in PV
tissue supports these observations. In addition, investiga-
tions on connexin subtypes revealed PV tissue had lower
levels of connexin 40 and similar levels of connexin 43
compared to atrial tissue, suggesting slower conduction
through PV tissue [32].

Clinical implications The PV area initiates many AF epi-
sodes; successful ablation of the PVarea results in suppression
and termination of AF episodes in man. Our data demonstrate
that differences in early INa between PV and atrial cells may
contribute to a differential response to certain pathophysiolog-
ical conditions such as ischemia. In this regard, the PV serves

as the classic anatomical barrier surrounded by excitable atrial
tissue. We suggest that the lower INa density in the PV tissue
results in a greater functional depression in the PV tissue lead-
ing to conditions favorable for the development of re-entrant
arrhythmias.
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