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Abstract

Voltage-gated sodium channels composed of a pore-forming a subunit and auxiliary § subunits are
responsible for the upstroke of the action potential in cardiac muscle. However, their localization
and expression patterns in human myocardium have not yet been clearly defined. We used
immunohistochemical methods to define the level of expression and the subcellular localization of
sodium channel a and p subunits in human atrial myocytes. Nay1.2 channels are located in highest
density at intercalated disks where B1 and 33 subunits are also expressed. Na, 1.4 and the
predominant Nay1.5 channels are located in a striated pattern on the cell surface at the z-lines
together with 82 subunits. Nay1.1, Nay1.3, and Na,1.6 channels are located in scattered puncta on
the cell surface in a pattern similar to 3 and 4 subunits. Na,1.5 comprised approximately 88% of
the total sodium channel staining, as assessed by quantitative immunohistochemistry. Functional
studies using whole cell patch-clamp recording and measurements of contractility in human atrial
cells and tissue showed that TTX-sensitive (non-Na,1.5) a subunit isoforms account for up to
27% of total sodium current in human atrium and are required for maximal contractility. Overall,
our results show that multiple sodium channel a and 8 subunits are differentially localized in
subcellular compartments in human atrial myocytes, suggesting that they play distinct roles in
initiation and conduction of the action potential and in excitation—contraction coupling. TTX-
sensitive sodium channel isoforms, even though expressed at low levels relative to TTX-sensitive
Na,1.5, contribute substantially to total cardiac sodium current and are required for normal
contractility. This article is part of a Special Issue entitled “Na* Regulation in Cardiac Myocytes”.
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1. Introduction

Cardiac action potentials are generated and propagated through the coordinated activity of
multiple types of ion channels. VVoltage-gated sodium channels generate the upstroke of the
action potential, and their activation and inactivation set the conduction velocity through
cardiac tissue and the refractory period between conducted action potentials. Mutations in
genes encoding voltage-gated sodium channels are known to cause arrhythmias [1] and to be
involved in cardiomyopathy [2—4]. Differential expression and localization of sodium
channel subunits are likely to be important determinants of electric excitability of cardiac
myocytes. This study defines the subcellular localization of sodium channel subunits in
human atrial myocardium.

Voltage-gated sodium channels are composed of a pore-forming a subunit with one or two
auxiliary p subunits [5]. Ten different genes encoding sodium channel a subunits have been
identified and nine have been functionally expressed [5,6]. The different a subunit isoforms
have distinct patterns of development and localization in the nervous system, skeletal and
cardiac muscle, and they have different pharmacological properties. Isoforms preferentially
expressed in the central nervous system (Nay1.1, 1.2, 1.3, 1.6) are inhibited by nanomolar
concentrations of the puffer fish toxin, tetrodotoxin (TTX), a highly specific sodium channel
blocker. The isoform present in adult skeletal muscle (Na,1.4) is also blocked by nanomolar
TTX-concentrations. In contrast, the primary cardiac isoform (Na,1.5) requires micromolar
concentrations of TTX for inhibition due to substitution of a cysteine for an aromatic residue
in the pore region [6,7].

Four genes encoding different 3-subunits—1, p2, B3 and f4—have been identified [8,9]. p1
and 3 are noncovalently associated with a subunits, whereas $2 and 34 are disulfide-linked
to a. The 3 subunits modulate channel gating, interact with extracellular matrix,
cytoskeleton, and cell adhesion molecules, play a role in adhesive interactions, and influence
cell surface localization of sodium channels [10]. Our previous work showed that sodium
channel B subunits are differentially localized in the transverse tubules, surface membrane,
and intercalated disks of mouse ventricular myocytes [11].

Na, 1.5 has often been termed the “cardiac” sodium channel. However, we showed
previously that the “brain” sodium channels Na, 1.1 and Na,1.3 are also expressed in mouse
heart and have distinct distributions and functions from Na, 1.5 [11-13], and other groups
have extended these findings [14-18]. Multiple sodium channel isoforms are also expressed
in human atrial myocytes [19].

2. Materials and methods

2.1. Tissue samples

Samples of human atrial tissue were obtained from patients undergoing elective cardiac
surgery for multiple indications. Tissue from patients with congestive heart failure or atrial
rhythm disorders including atrial fibrillation was excluded to avoid structural and/or
electrophysiological alterations in the right atrial myocardium. A detailed description of
tissue isolation and preparation is provided in Supplemental Material. All procedures
conformed to the principles outlined in the Declaration of Helsinki and were in agreement
with the policies of the Ethics Committee of the University of Wirzburg.
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2.2. Immunohistochemistry of human atrial tissue

A full description of the antibodies and immunohistochemical methods is given in
Supplemental Material. Patches of atrial muscle were removed during surgery, immediately
frozen in liquid nitrogen and sectioned (10 pm) on a cryostat. After mounting, fixation and
antibody treatment, sections were viewed using Bio-Rad MRC 600 or Leica TCS SL
confocal microscopes. More than 20 tissue sections from 14 patients were analyzed for each
antibody.

2.3. Quantification of immunohistochemistry

For these studies we used saturating concentrations of antibodies recognizing each sodium
channel a subunit [20]. All images in a single experiment were collected using the same
laser gain and offset settings so that the intensity of staining of different antibodies could be
compared. Staining intensity for each antibody was normalized to staining of Na, 1.5 from
the same experiment. For quantification, three to five images from 5 different atrial samples
of the same patients as mentioned above were analyzed for each antibody.

2.4. Electrophysiology

Single human cardiac myocytes were prepared from right atrial tissue according to the
modified protocol of Bustamante et al. [21,22]. Whole-cell sodium current (In3) was
recorded at room temperature from rod-shaped, striated and Ca2*-tolerant cells within 8 h of
isolation.

2.5. Contractility measurements in human atrial muscle

3. Results

Human atrial muscle fibers were harvested during open-heart surgery from patients who
underwent elective coronary bypass surgery and used for contractility studies as previously
described [23,24]. In brief, fibers were mounted between a force transducer and a
micrometer screw and constantly superfused with oxygenated Krebs—Henseleit (KHS)
buffer at 37 °C with a pO, of >500 mm Hg. The fibers were electrically stimulated at 1 Hz,
25% above threshold, and were initially stretched to optimal length (Lnax), Which was
indicated by maximum isometric force amplitude; length was not adjusted further during the
experiment. Fibers were superfused with oxygenated KHS buffer containing different TTX
concentrations. These experiments were carried out in the presence of atropine (100 nM)
and propranolol (1 M) to prevent effects of neurotransmitters that might be released from
autonomic nerve endings.

3.1. Localization of sodium channel a subunits in human right atrium

Human atrial tissue samples from 14 patients were stained with antibodies recognizing
individual a subunits of voltage-gated sodium channels to determine their localization.
Na,1.1, Na,1.3 and Na,1.6 were observed in puncta on the surface of myocytes (Figs. 1A-
E). The number of puncta and the intensity of staining were greatest for Na, 1.1 and Na,1.6;
puncta were fewer and less intensely stained for Na,1.3. None of these channels was located
at the z-lines which were marked by staining for a-actinin (Figs. 1B, C). In contrast,
antibodies recognizing Na,1.2 channels stained the cell surface most intensely near the
intercalated disks (Fig. 1G); pale striated staining for Na, 1.2 was also seen (Figs. 1G, I).
Double labeling with connexin 43 to mark intercalated disks confirmed the intercalated disk
localization of the high density Na,1.2 staining (Figs. 1G-J). Staining was abolished when
primary antibodies were omitted (Fig. 1F).
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Nay1.4 and Na,1.5 channels also were observed at the myocyte surface, but in a striated
pattern (Figs. 1K, L). The striated Na, 1.5 staining was in register with a-actinin marking the
z-lines (Figs. 1M-0). This pattern suggests that Na, 1.5 channels cluster at a cell surface
specialization anchored to the proteins of the z-line. In contrast to Na, 1.2, increased staining
near intercalated disks was not observed for Na, 1.4 and Na,1.5.

Surface staining by Na, 1.5 was confirmed with an optical z-series (Figs. 2A-C, green).
Na,1.5 staining was observed across the entire width of the myocyte in sections that
included the cell surface (Fig. 2A). In progressively deeper sections (Figs. 2B, C), staining
was seen at the periphery of the myocyte where the cross section intersected the surface
membrane, but was reduced or absent from the cell interior in the center of the cross-section.
Connexin 43 is also seen in a band traversing the entire myocyte cross-section in cell surface
sections (Fig. 2A, red) but is reduced in intensity and restricted to the edges of the myocyte
in the deeper sections (Figs. 2B, C, red).

We further assessed the cell-surface localization of the Na, 1.5 sodium channel by co-
labeling with an antibody recognizing the SERCA ATPase in the sarcoplasmic reticulum
(Figs. 2D-1). Optical sections including the surface or through the center of the cell show
Na,1.5 at the surface (Figs. 2D, F) but SERCA ATPase throughout the cross-section of the
myocyte in the deeper sections (Figs. 2E, F). The most intense bands of SERCA ATPase
staining fall between the bands of Na, 1.5 staining that mark the z-lines (Figs. 2G-1),
consistent with primary localization of the SERCA ATPase in the sarcoplasmic reticulum
between the z-lines. Conversely, the Cay/1.2 channel was found in a striated pattern in the
cell interior but in register with Na, 1.5 on the myocyte surface (Figs. 2K, L). Staining for
Cay/1.2 occurred at each z-line in doublets flanking the staining for Na, 1.5 (Figs. 2J, L) and
for a-actinin (not shown).

Collectively, these data indicate that Na, 1.1, Na,1.2, Na,1.3, Na,1.4, Na,1.5, and Na,1.6
are all expressed in human atrial myocardium, but are localized in distinct patterns. In Fig. 1
staining for each a subunit isoform is shown at similar brightness to clearly illustrate the
pattern of staining for each channel subtype. When imaged quantitatively, staining by anti-
Na, 1.5 was much more intense than that of the other antibodies, suggesting that this channel
is present in highest density (see Section 3.3 below for quantification).

3.2. Localization of sodium channel B subunits in human right atrium

Voltage-gated sodium channel (3 subunits were also differentially localized on the surface of
human atrial myocytes. The 1 subunit was observed only at intercalated disks, as indicated
by double-labeling for connexin 43 (Figs. 3A-C). In contrast, sodium channel f2 subunits
were observed in a banded pattern in register with z-lines as defined by a-actinin (Figs. 3D—
F). A third pattern of staining was observed for sodium channel 33 subunits, which were
observed in cell surface puncta, similar to Na,1.1, Na,1.3 and Nay1.6 a subunits (Figs. 3G—
). B3 was sometimes observed near intercalated disks (Figs. 3J-L), like 1. B4 subunits were
also found in puncta, similar to B3, but were not concentrated at intercalated disks (Figs.
3M-0). Thus, the related f1 and 3 subunits, which are non-covalently associated with a
subunits, are found at the intercalated disks, like Na,1.2 a subunits. The f3 subunit is also
found in puncta, like Na, 1.1, Na,1.3 and Na,1.6 a subunits. In contrast, the disulfide-linked
2 subunit is found at the z-line, like the Na,1.2, Na,1.4 and Na,1.5 a subunits. Finally, the
B2-like disulfide-linked 4 subunit is found in puncta, similar to the Nay1.1, Na,1.3 and
Nay1.6 a subunits.
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3.3. Levels of sodium channel a subunit expression in human right atrium

The images of Figs. 1 and 3 were obtained using gain and offset settings that optimized
visualization of each antibody and emphasized protein localization. To estimate the relative
levels of the a subunit proteins, we measured the relative intensity of staining of each a
subunit antibody when applied at saturating concentration [20]. We measured mean pixel
intensity for each antibody and determined the percentage of total mean pixel intensity
represented by each antibody (Fig. 4). Using this approach Na,1.1 accounted for 2.4% of
total sodium channel staining, Na,1.2 for 2.5%, Na,1.3 for 0.4%, Na,1.4 for 2.6% and

Na, 1.6 for 4.4%. When combined, these TTX-sensitive sodium channels accounted for
12.3% of total sodium channel staining. The majority of staining (87.7% of the total mean
pixel density) was due to TTX-resistant Na,1.5. These quantitative immunohistochemical
results suggest that the TTX-resistant Na,1.5 channels are the predominant channels in
human atrial tissue but that TTX-sensitive sodium channels are also expressed. If each TTX-
resistant and TTX-sensitive channel molecule contributed equally to total sodium current,
approximately 12% of the total current would be sensitive to nanomolar concentrations of
TTX, while the remainder, due to Na,1.5, would be blocked by micromolar TTX
concentrations.

3.4. TTX-sensitivity of sodium current in human atrial myocytes

To determine the TTX-sensitivity of functional sodium channels in human atrium, total
sodium current, In,, was recorded from single human atrial cardiomyocytes using whole-cell
voltage-clamp, and concentration—response curves for block of sodium current by TTX were
plotted (Fig. 5). We initially used a holding potential of —100 mV and a test potential of 0
mV to activate all sodium channel isoforms. Under these conditions, 20 nM TTX blocked 14
+ 2.7% (n = 19) of the current and 100 nM TTX blocked 25.0 £ 7.0% (n = 10) of the peak
current (Figs. 5A, B). Since 20 nM TTX is only expected to block ~1% of TTX-resistant
Na,1.5, the substantial block at this concentration is consistent with the presence of sodium
current conducted by TTX-sensitive sodium channel isoforms. Higher concentrations of
TTX blocked the remaining sodium current with a concentration dependence expected for
Na,1.5. Block occurred without alteration in sodium current kinetics (data not shown). A fit
of the concentration—response curves with a two-component binding isotherm indicated that
27% of current was blocked by TTX with an ICsq of 12.7 nM and the remaining 73% of
current was blocked with and 1Cgg of 2.7 uM (Fig. 5B). This result is consistent with the
conclusion that approximately 73 + 2% of the sodium current at a holding potential of —100
mV is conducted by TTX-resistant Na,1.5 channels and the remaining 27% of the current is
conducted by TTX-sensitive Na,1.1, Na,1.2, Na,1.3, Na, 1.4 and Na,1.6 channels.

Different sodium channel a-subunit isoforms have different voltage-dependent activation
and inactivation properties, and we used these differences to alter the fraction of total current
contributed by Na,1.5. TTX-resistant Na,1.5 sodium channels inactivate at more negative
potentials than the TTX-sensitive isoforms [25]. Therefore, we used a holding potential of
—70 mV to increase the fraction of recorded current conducted by TTX-sensitive channel
isoforms. This holding potential inactivates 38% of the total sodium current (data not
shown). When sodium current was elicited from a holding potential of =70 mV, the
percentage blocked by 20 nM TTX (n = 19) increased to 46% from the 14% observed with a
holding potential of —100 mV (Fig. 5C), which was consistent with 67 + 18% of sodium
current being conducted by TTX-sensitive sodium channels at a holding potential of —70
mV based on curve fitting as in Fig. 5B. Thus, reducing the fraction of total sodium current
contributed by Na,1.5 by using a more depolarized holding potential substantially increased
the fraction of TTX-sensitive sodium current.
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Conversely, the fraction of total current contributed by Na,1.5 can be enhanced by using a
test depolarization of —60 mV and a holding potential of —100 mV. Since Na,1.5 channels
activate at more negative potentials than the TTX-sensitive isoforms, the —60 mV test pulse
is expected to partially activate Na, 1.5, but not the TTX-sensitive channels [26]. Using this
protocol, no detectable block of sodium current was observed at 20 nM, consistent with all
of the current being due to Na,1.5 (Fig. 5C). Thus, isolating current conducted by the
Nay1.5 channel in this way makes the entire population of channels TTX-resistant. The sum
of these experiments indicates that human atrial myocytes express functional TTX-sensitive
sodium channels, in addition to TTX-resistant Na, 1.5, and these contribute approximately
27% of total sodium current.

3.5. Changes in contractility of atrial muscle strips due to blockade of TTX-sensitive
sodium channel a subunits

TTX was also used to determine the functional relevance of TTX-sensitive sodium channels
for atrial contractility (Fig. 6). Concentrations of TTX that are expected to block primarily
TTX-sensitive sodium channels, 20 nM (n =5), 50 nM (n = 7), and 100 nM (n = 7), reduced
contraction amplitude by 11.1 + 5.6%, 17.6 + 4.8%, and 30 * 6.8%, respectively (Fig. 6).
From the parameter values from the concentration—response curves of Fig. 5B, we can
estimate the fraction of total sodium current blocked at each concentration and the amount
of block that is due to TTX-sensitive (Fig. 6, green) and TTX-resistant sodium channels
(Fig. 6, blue), respectively. Over this concentration range, the reduction in peak sodium
current is largely attributable to selective block of TTX-sensitive sodium channels (Fig. 6).
In parallel with block of the TTX-sensitive channels, both the amplitude and the velocity of
contraction of the atrial muscle bundles were reduced (Fig. 6, red and black). Thus, block of
TTX-sensitive sodium channels results in substantial effects on contraction of atrial muscle
strips, approximately consistent with their effects on total sodium current amplitude.

4. Discussion

4.1. Expression and differential localization of sodium channel subtypes in human right

atrium

Our immunocytochemical results show that there is detectable expression of five TTX-
sensitive sodium channel a subunit proteins (Nay1.1, Na,1.2, Na,1.3, and Na,1.4, and
Na,1.6) in atrial muscle, in addition to the predominant TTX-resistant isoform Na,1.5. This
remarkable diversity of sodium channel expression in the human atrium is reminiscent of the
diversity of expression of voltage-gated potassium channel isoforms in the heart [27-29].
Quantitative determination of RNA levels indicated that each TTX-sensitive isoform is
expressed at far lower levels than Na, 1.5 [19,30]. This is consistent with the lower protein
expression for TTX-sensitive isoforms in mouse ventricle [20].

Diversity of expression of these sodium channel isoforms is accompanied by diversity of
localization. The quantitatively dominant Na, 1.5 channels are localized on the cell surface
in register with the z-lines, suggesting a cell surface specialization. Of the TTX-sensitive
isoforms, only Na, 1.4 exhibits a similar distribution. The 2 and 4 subunits that are
disulfide linked to a subunits are also found at z-lines. Conversely, Na, 1.1 and Na,1.6
channels have a diffuse punctate distribution, as does a fraction of the B3 and 4 subunits.
Na,1.2 channels have a strikingly different distribution, being localized at the intercalated
disks along with the 1 subunits and a fraction of the f3 subunits. The markedly different
localization of these sodium channel subtypes suggests that they have distinct physiological
functions in these subcellular compartments of atrial myocytes.
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4.2. Sodium channel complexes in human atrium

Sodium channel complexes are thought to contain a single a subunit in association with one
or two B subunits [5,9]. p1 and B3 subunits are closely related and both are noncovalently
associated with a subunits. Similarly, B2 and p4 subunits are also closely related and are
disulfide-linked to a subunits. It is likely that native sodium channel complexes are
composed of an a subunit in association with one $1/83 subunit and/or one $2/34 subunit.
Although our results do not show direct physical interaction or strict colocalization between
specific sodium channel a and § subunits, the co-localization of specific subsets of sodium
channel subunits in distinct subcellular compartments suggests that different subunit
combinations may form sodium channel complexes in these compartments of atrial
myocytes. Na, 1.5 a subunits and $2/84 subunits are found in a striated pattern on the cell
surface and may form complexes. Likewise Nay1.2 a subunits and B1/p3 subunits are found
at intercalated disks where they could form complexes. Na,1.1 and Nay1.6 a subunits and
B3 and B4 subunits are found in punctate clusters at the cell surface where they could form
complexes. As sodium channel 3 subunits have differential modulatory effects on a subunits
and interact with distinct sets of extracellular matrix, cell adhesion, cytoskeletal, and signal
transduction proteins [9], the association of a subunits with different B subunits suggested
by these co-localization data may provide specialization of function of sodium channels in
distinct subcellular locations.

4.3. TTX-sensitive and TTX-resistant sodium currents in human atrium

Our results show that the predominant Na, 1.5 a subunit accounts for 88% of the sodium
channel protein as estimated by immunostaining, and 73% of the functional sodium current
as estimated by whole-cell voltage clamp and TTX inhibition. Considering the differences in
sodium channel gating parameters between TTX-sensitive and TTX-resistant sodium
channels [31], these results are in reasonable agreement and indicate that TTX-sensitive
sodium channels comprise a significant fraction of the sodium channel protein and
contribute a significant component of sodium current in the human atrium. An earlier study
in human atrial myocytes reported that TTX-insensitive sodium current accounted for 92%
of total sodium current [32]. These studies agree with ours in showing that there is
substantial TTX-sensitive sodium current in atrial myocytes. The quantitative differences in
the estimates of TTX-sensitive sodium currents may reflect differences in cell dissociation,
which can damage cell-surface sodium channels during proteolytic treatments, but may also
reflect differences in recording technique using different sodium concentrations and
membrane potentials.

In addition to these results on human atrium, other studies have provided functional
evidence for the importance of TTX-sensitive sodium current in the heart. Already in 1979,
Coraboeuf et al. described that TTX-sensitive sodium current contributes to the action
potential duration of Purkinje fibers in dog heart, since low concentrations of TTX led to a
reduction of the action potential duration [33]. Our previous data demonstrated TTX-
sensitive sodium channel expression and TTX-sensitive sodium current in mouse ventricular
myocytes and sino-atrial node [12]. More recent studies indicate that TTX-sensitive sodium
channels generate 10% and 22% of the peak sodium current in canine ventricle and Purkinje
fibers, respectively [34], approximately 20% in rat ventricular myocytes [17], and
approximately 8% in mouse ventricular myocytes [35].

4.4. Physiological function of sodium channel subtypes in the heart

Our studies of atrial contractility demonstrate the functional importance of TTX-sensitive
sodium current in human atrial myocytes since blocking them selectively with a low
concentration of TTX results in a concomitant loss of contractile function (Fig. 6). The
reduced contractile function may be due to the differential localization of the TTX-sensitive
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isoforms, particularly the localization of Na,1.2 at intercalated disks. The importance of the
TTX-sensitive sodium channel a subunit isoforms may also reside in differences between
their voltage dependence of gating and that of the Na, 1.5 TTX-resistant isoform. The TTX-
sensitive subtypes have faster activation and positively shifted voltage dependence of
inactivation relative to Na,1.5, making them better suited to trigger action potentials rapidly
in response to initial depolarization by incoming action potentials. The positive voltage
dependence may also provide a margin of safety for triggering action potentials and
maintaining rapid conduction in more depolarized cardiac cells. This margin of safety may
become particularly important in supporting physiological function of cardiac cells
depolarized by pathophysiological challenges such as ischemia. This role may be further
enhanced in chronic pathologic conditions since relatively large TTX-sensitive currents
were observed in ventricular tissue and myocytes from post-infarction remodeled
myocardium [36] and surviving Purkinje fibers [37].

Localization of sodium channel subtypes in human atrial myocytes differs markedly from
that in mouse ventricular myocytes. The predominant Na, 1.5 channels are localized at the
cell surface in a striated pattern near each z-line, rather than at the intercalated disks. Only
the Na, 1.2 channel is localized at intercalated disks in atrial myocytes. As this channel is
quantitatively minor, it is likely that conduction is continuous rather than saltatory in human
atrium. Thus, the action potential likely is initiated by Na,1.2 channels at the intercalated
disk in concert with nearby Na,1.5 channels and progressively activates other cell surface
Na,1.5 channels and TTX-sensitive channels to spread smoothly along the atrial myofiber.
The localization of the predominant Nay,1.5 channels and the skeletal muscle isoform TTX-
sensitive Nay1.4 at the z-lines is similar to the location of Cay/1.2 calcium channels in atrial
tissue (Fig. 2). Such close co-localization may ensure rapid activation of the calcium
channels and triggering of contraction. Thus, the Na,1.5 and Na,1.4 channels in human
atrial myocytes are likely to serve an analogous function to the t-tubular TTX-sensitive
sodium channels in mouse ventricle, which aid in depolarization of the t-tubules and
initiation of contraction [12].

Due to the lack of availability, we could not use atrial tissue from healthy human donors.
Therefore, concomitant cardiovascular disease might have influenced ion channel
expression and function in the investigated specimens. This concern is greatest for Na, 1.3
because it is expressed during embryonic and early postnatal stages. Conditions such as
heart failure are known to provoke the activation of a fetal gene program [38]. On the other
hand, Na,1.3 and the other TTX-sensitive sodium channel subtypes were observed in our
studies of healthy mouse cardiac myocytes [11,20]. We did not include cells harvested from
patients with atrial fibrillation, because there is evidence for an up-regulation of the sodium
channel isoform Nay1.1 in this rhythm disorder [39]. Therefore, although disease-related
remodeling might have had an unknown impact on the results presented here, the
correlations among several different species in expression of TTX-sensitive sodium channel
subtypes in the heart suggest that this sodium channel diversity is indeed characteristic of
the normal heart.

In conclusion, we show isoform-specific subcellular localizations of sodium channel a and 8
subunits and provide evidence for the composition of sodium channel complexes in human
heart. The presence of TTX-sensitive sodium channels with the positive voltage dependence
of gating and more rapid activation and inactivation [31] suggests additional roles for TTX
sensitive channels. In addition to their function in conducting the action potential within the
cell and from cell to cell, they may play a safety function in diseased myocardium where
cells have a less hyperpolarized resting membrane potential with the consequence that the
predominant Na, 1.5 channels may be unavailable for activation. The exact physiological
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function of the different sodium channel subunits in human heart remains to be fully
determined and is an important focus for future research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Immunostaining of sodium channel a subunits Nay1.1, 1.3, 1.6, 1.2, 1.4 and 1.5 in human
atrium. Tissue section double-labelled with anti-Na,1.1 (A) and a actinin (B) demonstrating
punctate surface labelling of Na,1.1 channels that does not overlap with the z-lines when the
images are merged (C). Human atrial tissue labelled with anti-Na,1.3 (D) or anti-Na,1.6 (E)
illustrating punctate surface staining of these channels, similar to anti-Na,1.1. (F) Control
section in which the primary antibody was omitted illustrating specificity of staining. Tissue
section double labelled with anti-Na,1.2 (G) and anti-connexin 43 (H) illustrating a high
density of Na, 1.2 channels at the intercalated disk region (I, merged) and relatively low
density of staining in a banded pattern along the length of the myocyte. (J) Higher
magnification of a tissue section double labelled with anti-Nay1.2 (green) and anti-connexin
43 (red) illustrating the staining of these two proteins at the intercalated disk region. (K)
Staining of anti-Nay,1.4 on atrial tissue illustrating staining in a banded pattern along the
myocyte. (L) Atrial tissue double-labelled with anti-Nay1.5 (green) and anti-connexin 43
(red). (M, N) High magnification image of tissue double-labelled with anti-Na,1.5 (M) and
a-actinin (N) showing that the banded pattern of Nay1.5 staining is in register with the
staining of a-actinin at the z-lines (O). Scale bars = 5 pm.
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Merged

Fig. 2.

Localization of Nay1.5 relative to SERCA ATPase and Cay/1.2. (A-C) Images from a z-
series through atrial tissue stained with anti-Na, 1.5 (green) and anti-connexin 43 at the cell
surface (A) and progressively deeper sections (B and C) to confirm surface localization of
sodium channel proteins. Arrows and arrowheads emphasize locations where depth-
dependent changes in staining are particularly evident. (D-F) Optical plane showing both
cell surface and intracellular staining for Na, 1.5 (green, D and F) and SERCA ATPase (red).
(G-I) Distribution of Na,1.5 (green, G, 1) relative to SERCA ATPase (red, H, 1). J-L,
Localization of Nay1.5 (green, J, L) relative to Cay/1.2 (red, K, L). Scale bars A—F =5 pum;
G-L=2pm.
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Fig. 3.

Double immunostaining of sodium channel § subunits in human atrium with connexin 43
and a-actinin. Tissue section double labelled with anti-f1 (A) and anti-connexin 43 (B)
antibodies illustrating dense labelling at the region of the intercalated disk of atrial tissue.
(C) Merged picture of images in (A) and (B). Section double labelled with anti-p2 (D) and
a-actinin (E) illustrating labelling of the 2 subunit of sodium channels in a banded pattern
in register with the z-lines when the images are merged (F). (G) Atrial tissue double labelled
with anti-p3 (G) and a-actinin (H) showing non-uniform, punctate staining in muscle fiber
when the images are merged (I). Tissue section labelled with anti-f3 (J) and anti-connexin
43 (K) illustrating that B3 subunits are present at the intercalated disk region as shown in the
merged image (L). Double labelling of atrial section with anti-$4 (M) and anti-a actinin (N)
illustrating a punctate pattern of staining that is in register with the z-lines as shown in the
merged image (O). Scale bars = 2 pm.
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Fig. 4.

Immunocytochemical quantification of TTX-sensitive sodium channel a subunit isoforms.
Quantification of staining by antibodies recognizing TTX-sensitive sodium by channel a
subunits Nay1.1, Na,1.2, Na, 1.3, Na,1.4 or Na,1.6 as well as the TTX-resistant Na, 1.5
sodium channel expressed as normalized pixel density.
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Fig. 5.

Concentration—response relationship for the effect of TTX on total cardiac peak sodium
current in human atrial myocytes. (A) Examples of current traces during treatment with TTX
in two different human atrial myocytes. Depolarizations to 0 mV from a holding potential of
—-100 mV were applied every 5 s, and peak sodium current was measured and compared in
the absence and presence of the indicated TTX concentrations. (B) Concentration—response
relationship from experiments like those in A. After exposure to TTX, toxin was washed out
of the bath to insure that rundown had not occurred. Reversal values are plotted as the open
point at 0 concentration. Error bars represent SEM. The fit curve is a two component
binding isotherm with 1Csgq values of 12.7 nM and 2.7 pM. The higher affinity component
represents 27% of the total current. (C) Effect of holding potential and test potential on TTX
inhibition. Bars display normalized currents + SEM. Filled squares, TTX effect at a holding
potential of =100 mV and a test pulse to —60 mV; open circles, TTX effect at a holding
potential of =70 mV and test pulse to 0 mV. Control conditions were recorded at —100 mV
holding and 0 mV test potential. All displayed data were normalized to control conditions.
Fit of the two-component binding isotherm with 1Csq values fixed to the values determined
in panel B indicating that 67% of the channels were TTX-sensitive. Recordings were from
12 different patients with 3—30 myocytes studied per TTX concentration.
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Concentration dependent effects of specific sodium channel blockade with TTX on human
atrial contractility showing contraction amplitude (red) and velocity (black). The fractions of
sodium current due to TTX-resistant (blue) and TTX-sensitive (green) channels remaining at
each TTX concentration. The values were calculated from the best fit data from Fig. 5B.
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