
Novel insights into the cellular basis of atrial fibrillation

Vickas V Patel
Penn Cardiovascular Institute and Division of Cardiovascular Medicine, 905 BRB II/III, 421 Curie
Boulevard, University of Pennsylvania, Philadelphia, PA 19104-6160, USA, Tel.: +1 215 573
8990, Fax: +1 215 572 2094
Vickas V Patel: patelv@mail.med.upenn.edu

Abstract
Atrial fibrillation is the most common clinical cardiac arrhythmia. It is often initiated by ectopic
beats arising from the pulmonary veins and atria. While pulmonary vein myocytes most likely
contribute to atrial ectopic beats initiating atrial fibrillation, emerging evidence suggests the
existence of other cell populations that may also contribute to atrial arrhythmias. In addition to
sinus node-like and intestinal Cajal-like cells, we recently characterized a novel, melanocyte-like
cell population in murine and human hearts that may contribute to atrial arrhythmogenic triggers
in mice. Murine cardiac melanocyte-like cells are electrically excitable, and express adrenergic
and muscarinic receptors. Adult mice lacking the gene encoding dopachrome tautomerase (Dct)
are susceptible to atrial arrhythmias, and Dct is expressed by both murine and human cardiac
melanocytes. While Dct-expressing cells are present in human hearts in regions from which atrial
arrhythmias often arise, the contribution of these cells to clinical atrial arrhythmias remains to be
determined.

Keywords
atrial fibrillation; autonomic tone; ectopic foci; melanocyte-like cells

Atrial fibrillation (AF) is the most common clinical arrhythmia and is associated with
significant morbidity [1–4]. While most individuals with AF have some underlying cardiac
disease, approximately 30–45% with paroxysmal AF and 20–25% with persistent AF are
younger patients with no structural heart disease [5,6]. Just over 10 years ago, Haissaguerre
et al. recognized that ectopic beats arising from the pulmonary veins (PVs) could act as
initiators or ‘arrhythmogenic triggers’ of AF [7]. This seminal discovery led to the
development and use of PV isolation as an effective, empiric therapy for drug-refractory AF.
However, PV isolation is associated with complications and risks, including PV
reconnection, which reduces its efficacy [8–10]. On the other hand, antiarrhythmic drug
therapy for AF is often ineffective and associated with burdensome side effects [11–13].
Although recent clinical insights have improved our understanding of how AF is initiated,
our relative inability to treat or cure AF is rooted in a lack of understanding of the cellular
and basic mechanisms that underlie atrial arrhythmogenesis. Therefore, a better appreciation
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of the cellular basis of AF is likely to positively impact the effectiveness of future therapies
for this common disease.

The focus of this article is on the cell populations in the PVs and atria that may contribute to
clinical atrial arrhythmias. For several reasons, most of the basic research evidence
connecting a specific cell population to the initiation of atrial arrhythmias must come from
animal studies; however, the existence of analogous cell populations in similar anatomic
distributions within human hearts provides a rationale for speculating that these findings
may have clinical relevance. Along these lines, we recently discovered a novel population of
cells in the PVs and atria that we have shown contribute to atrial arrhythmias in murine
models [14]. These cells express markers of the melanocyte lineage, and therefore we have
devised the term ‘cardiac melanocytes’ to describe them. Cardiac melanocytes are found in
the PVs and posterior atria of murine and human hearts (Figure 1), and exist in groups near
the PV ostia of mice. We have also found that murine cardiac melanocytes are excitable and
possess similar electrophysiological properties to atrial myocytes. Interestingly, deletion of
the melanin synthesis enzyme dopachrome tautomerase (Dct), which is expressed by both
human and murine cardiac melanocytes, prolongs repolarization and induces
afterdepolarization in isolated cardiac melanocytes. Furthermore, mice engineered with
genetic deletion of Dct (Dct-null) display spontaneous and inducible AF. However, the level
of atrial arrhythmogenesis is reduced to that of wild-type animals when melanocyte-like
cells are prevented from being expressed in the heart, suggesting that this cell population
contributes to the genesis of atrial arrhythmias in mouse models. Furthermore, murine
cardiac melanocytes express adrenergic and muscarinic receptors, and are in close proximity
to autonomic nerve terminals. When challenged with a muscarinic agonist, murine models
lacking cardiac melanocytes have fewer induced atrial arrhythmias than wild-type littermate
mice that express cardiac melanocytes. These findings suggest a potential connection may
exist between Dct-expressing cells, atrial ectopy-initiating arrhythmias and autonomic
dysregulation.

Ectopic triggers initiate atrial arrhythmias
Since publication of the initial report by Haissaguerre et al. in 1998, multiple studies have
confirmed that ectopic foci originating from the thoracic veins contribute to the initiation of
clinical AF [15–17]. However, comparatively little is known about the cellular source and
mechanism by which thoracic veins initiate atrial arrhythmias. Debate still exists concerning
the mechanisms underlying atrial arrhythmia triggers. Those proposed include enhanced
automaticity, triggered activity [18,19] and micro-re-entry from within the myocardial
sleeves of thoracic veins [20,21]. Accumulating evidence suggests that PV myocardial cells
themselves contribute to arrhythmogenic triggers [22,23], and that these specialized
myocytes are highly excitable in the setting of altered autonomic tone [18,19]. It has been
suggested that the unique electrophysiological properties of PV cardiomyocytes [24,25],
coupled with the dense autonomic innervation of the PVs [26], produce a highly
arrhythmogenic region within the posterior left atria around the PVs. However, while PV
cardiomyocytes probably do contribute to atrial arrhythmias, these cells are not likely to be
the only ones involved with initiating atrial arrhythmias.

In this regard, there are recent reports of other cell types in the PVs that may contribute to
PV ectopy [27–29]. In addition, evidence continues to grow supporting the contribution of
autonomic efflux to atrial arrhythmogenesis. Therefore, this article presents a brief overview
of what is currently known about cell populations in the PVs with regards to atrial
arrhythmias, in addition to our present understanding of how autonomic tone contributes to
AF triggers. This overview is followed by a discussion regarding cardiac melanocytes and
how their discovery may expand our understanding of the cellular basis of AF.
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Cells other than myocytes in the PVs contribute to AF
Most investigations to date have focused upon the contribution of PV cardiomyocytes to
atrial arrhythmia initiation. While PV cardiomyocytes probably do contribute to
arrhythmogenic triggers, there are recent reports of other cell populations in the PVs that
may also play a role in atrial arrhythmias [14,27–29]. In addition, foci outside the PVs are
known to initiate atrial arrhythmias [30–33], and the unique electrophysiologic properties of
PV cardiomyocytes cannot account for the origin of triggers outside of the PVs. Thus, it is
important to consider the contribution of other cell populations to atrial arrhythmias. In fact,
a better understanding of the basic electrophysiology and contribution of these other cells to
atrial arrhythmias may reveal new information underlying arrhythmogenic mechanisms and
help explain the source of non-PV triggers.

Several years ago, Perez-Lugones et al. identified sinus node-like cells within human PVs
that were associated with AF [29]. These cells were identified by their pale cytoplasm and
positive response to periodic acid-Schiff (PAS) staining within cadaveric samples. Based
upon the attached clinical histories for each sample, the authors found that samples from
four patients with a history of AF had sinus node-like cells in the PVs. However, no such
cells could be detected in the PVs of five transplant hearts from patients without AF. While
the authors of this study were clear the connection of sinus node-like cells to clinical atrial
arrhythmias required further investigation, studies in canine models have provided some
evidence for the contribution of PAS-positive cells in the PVs to atrial arrhythmias. In a
study by Chuo et al., the authors induced voltage-independent triggered ectopy in
Langendorf-perfused canine hearts by applying ryanodine and isoproterenol, which induced
atrial arrhythmias [20]. The authors then identified PAS-positive cells clustered in the
endocardium of the PV muscular sleeves from one preparation near the region from which
they mapped frequent focal discharges, while few PAS-positive cells could be found in
another preparation from a heart with no focal discharges.

More recently, Morel et al. and Gherghiceanu et al. have demonstrated the presence of
interstitial Cajal-like cells (ICCs) within the muscular sleeves of PVs [27,28]. Morel et al.
described a rough correlation between ICCs in the PVs and clinical AF, where two out of
three patients with detectable PV ICCs had documented AF. The report by Gherghiceanu et
al. described the presence of ICCs in human PVs with no analysis of their connection to
arrhythmia. However, neither of these studies characterized the electrophysiological
properties of ICCs or explored mechanisms by which they may contribute to atrial
arrhythmias. This is partially due to the fact that ICCs are well characterized within enteric
smooth muscle and are known to mediate gut motility in response to autonomic efflux
[34,35]. Therefore, the assumption that ICCs within human PVs probably exhibit similar
electrophysiologic behavior leading to PV ectopy is reasonable. However, in the gut, ICCs
mediate very slow electrical responses (in the order of seconds), which are too sluggish to
explain the rapid response time of PV ectopy that triggers AF (which is on the scale of
milliseconds). While the contribution of ICCs to atrial arrhythmias will require further
validation, it is intriguing to consider the possibility that ICCs in the heart may contribute to
atrial arrhythmias either as a source of triggered activity (as they appear to in the intestines),
or they may increase arrhythmogenicity by contributing to zones of slowed conduction and
promoting local re-entry. In either case, these reports highlight the potential contribution of
noncardiomyocytes to atrial arrhythmogenesis, and open the way for exploring the
contribution of other cell populations to atrial arrhythmias, such as cardiac melanocytes.

Interestingly, we have found that isolated murine cardiac melanocytes are electrically
excitable and generate action potentials with a similar time course to that of murine atrial
myocytes (Table 1 & Figure 2A). However, murine cardiac melanocytes isolated from Dct-
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null mice displayed dramatically prolonged action potential duration (Table 1 & Figure 2A).
With prolonged repolarization it was not surprising that Dct-null murine cardiac
melanocytes also displayed triggered activity with frequent afterdepolarizations (Figure 1C).
Furthermore, single-cell transcriptional profiling of murine cardiac melanocytes showed that
these cells express many of the same voltage-dependent ion channels and calcium-handling
proteins as atrial myocytes in the presence of Dct (Table 2). However, it will be interesting
to examine the effects of Dct deletion upon transcript expression by comparing the
transcriptional profile of Dct-null and wild-type cardiac melanocytes. Still, it appears that
murine cardiac melanocytes possess the electrical properties and ability to trigger
afterdepolarizations in the absence of Dct (analogous to ectopic foci), that are consistent
with those required for the generation of atrial arrhythmia triggers.

We targeted the deletion of Dct because it is strongly expressed by both murine and human
cardiac melanocytes, and in cutaneous melanocytes Dct aids in reducing reactive oxygen
species (ROS) [36]. ROS have been implicated in promoting atrial arrhythmias, and in
several preparations reactive species are known to modify voltage-dependent channels [37–
39], which may result in prolonged repolarization and increased ectopy. While we do not
know the exact mechanism by which Dct influences cellular repolarization and excitability
in cardiac melanocytes, we have found evidence for increased ROS in the atria of Dct-null
mice by the presence of swollen mitochondria with loss of their matrices [14], so it is
possible that the oxidative modification of ion channels in these cells is one mechanism by
which their repolarization and excitability is altered.

The relationship of cardiac melanocytes to atrial arrhythmias was further supported by the
observation that Dct-null mice display both spontaneous and inducible atrial arrhythmias,
while wild-type littermate mice do not have arrhythmias (Figure 3). The fact that Dct-null
mice have atrial arrhythmias and cardiac melanocytes from Dct-null mice have
afterdepolarizations, which could trigger atrial arrhythmias, suggests, but does not prove,
that these cells may be a source of arrhythmogenic triggers. Therefore, to better define the
relationship between atrial arrhythmias and cardiac melanocytes, we sought a model
whereby cardiac melanocytes could be selectively removed or ‘ablated’ from the heart to
prove their causality with atrial arrhythmias. Interestingly, cardiac melanocytes express the
cell surface receptor c-kit, which has been shown to be important for the survival and
migration of cells descending from the melanoblast lineage [40,41]. Mice with mutations in
c-kit (also known as the W locus, where two of the more common mutations are known as W
and Wv) display various levels of coat color defects depending upon the severity of the c-kit
mutation they harbor [42,43]. When we examined the hearts of c-kit mutant mice we found
that they did not express cardiac melanocytes (Figure 4), and when we studied the offspring
of c-kit mutant mice crossed with Dct-null mice, we found that these animals no longer had
inducible atrial arrhythmias (Table 3). While c-kit has pleiotropic effects outside of those
upon cardiac melanocytes, these findings strongly suggest that cardiac melanocytes
contribute to the genesis of atrial arrhythmias in mice. Interestingly, in the mouse heart,
approximately the same number of cardiac melanocytes are expressed in the right atria as
are in the PVs and left atria. While the right atrium has not been shown to contribute
significantly to clinical AF, our findings from the c-kit mutant mice confirm cardiac
melanocytes do contribute to AF. However, the exact distribution of cardiac melanocytes in
the human heart remains to be confirmed, as well as their contribution to AF.

Autonomic variation contributes to AF initiation via cardiac melanocytes
It has been known for some time that the atria and PVs contain enriched autonomic
innervation [44,45], and autonomic output is a significant contributing factor to the initiation
and maintenance of atrial arrhythmias [46–49]. Past studies have suggested that a
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predominance of either vagal or sympathetic tone is largely responsible for initiating AF
[50,51]. In this regard, AF may be thought of as two clinical forms: one induced
predominantly during sleep (vagotonic) and the other provoked by exertion or emotion
(adrenergic) [52]. The distinction between vagotonic and adrenergic-mediated AF has
important implications for treating clinical AF, since vagotonic AF is less likely to originate
from the PVs and responds more poorly to PV isolation than does adrenergic-mediated AF
[53]. However, reducing overall autonomic influences via ablation of the ganglionated plexi
appears to improve the incidence of both vagotonic and adrenergic-mediated AF [54,55].

The fact that adrenergic-mediated AF responds better to PV isolation is probably because
this form of AF is initiated primarily by ectopy arising from the PVs. In this regard,
Patterson et al. have shown in canine models that the underlying mechanism of PV ectopy
initiating AF is calcium-mediated triggered activity [56], as have Hirose and Laurtia [18].
However, what is not well known is the cellular origin of these triggered beats that initiate
adrenergic-mediated AF. In this regard, the discovery of cardiac melanocytes may help to
fill this missing piece in our understanding of the dual autonomic nature of AF. Given that
cardiac melanocytes with prolonged action potential duration can trigger phase 3
afterdepolarizations (Figure 2), in the setting of increased adrenergic tone it is possible that
these cells contribute to calcium-mediated triggers that arise from the PVs. Along these
lines, a recent report by Genade et al. suggests melatonin mediates receptor-dependent
protection against ischemia–reperfusion injury in the rodent heart by blunting the effects of
adrenergic stimulation [57]. Therefore, cardiac melanocytes may respond more vigorously
to adrenergic stimulation and initiate calcium-mediated triggers in a setting where melatonin
levels are reduced. On the other hand, the antiadrenergic effects of melatonin may actually
be able to prevent initiation of AF triggers, if these findings are eventually validated in the
clinical setting.

While the evidence supporting the contribution of autonomic variation to atrial
arrhythmogenesis is relatively extensive, more importantly, any theories proposed to explain
the cellular basis of atrial arrhythmias must account for the contribution of autonomic
influences. In this regard, we have found that murine cardiac melanocytes express both
adrenergic and muscarinic receptors, and appear in close approximation with sympathetic
and parasympathetic nerve endings (Figure 5). Furthermore, we found that wild-type mice
that express cardiac melanocytes have 44% more atrial arrhythmia episodes than the
offspring of c-kit mutant mice that lack cardiac melanocytes when they are challenged with
the muscarinic agonist carbachol (25 μg/kg intraperitoneal), which mimics increased
parasympathetic tone (64 vs 36 episodes; Table 4).

In the future, it will be interesting to determine how autonomic stimulation influences the
electrical excitability of cardiac melanocytes, and specifically the effects of adrenergic
stimulation upon triggered activity and arrhythmogenesis. Simple experiments could be
performed using the patch clamp technique on isolated murine cardiac melanocytes to
investigate the influence of pharmacologic stimulation upon action potential duration and
afterdepolarizations. Similarly, dual optical voltage and calcium transient mapping studies
could be performed in ex vivo atrial preparations to assess the effects of pharmacological
stimulation upon triggered activity and atrial arrhythmia initiation.

Expert commentary & five-year view
While melanocyte-like cells are present in human hearts, the electrophysiological properties
of these cells in patients and their contribution to clinical atrial arrhythmias will need to be
validated. It is likely that within the next 5 years interest in cardiac melanocytes will
increase and their physiology and contribution to clinical atrial arrhythmias will be explored.
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If the contribution of cardiac melanocytes to clinical atrial arrhythmias is confirmed, then
the potential for reducing or curing atrial arrhythmias by specifically targeting cardiac
melanocytes opens up a whole new realm in the therapeutic armatorium against this disease.
The promise of this tremendous opportunity, to treat and/or cure a very common disease that
has thus far proven to be quite difficult to quell, is likely to stimulate the curiosity of many
groups with diverse interests and expertise. Not only is it likely that the role of cardiac
melanocytes in clinical atrial arrhythmias will be explored and deciphered in the foreseeable
future, but that innovative individuals will devise novel technologies to identify these cells
in the beating heart, and specifically modify or eliminate them to treat atrial arrhythmias.

Key issues

• The exact source and mechanism by which ectopic foci arise that initiate atrial
fibrillation remain unclear.

• Present-day therapies for atrial fibrillation have dramatically improved but are
still plagued by side effects, complications and reoccurrence of the arrhythmia.

• Melanocyte-like cells are a novel cell population that reside in the pulmonary
veins and atria of humans and mice.

• Murine melanocyte-like cells are electrically excitable and contribute to the
initiation of atrial arrhythmias in response to increased autonomic tone.

• The contribution of human melanocyte-like cells to atrial arrhythmias remains to
be confirmed.
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Figure 1. Immunofluorescent analysis of dopachrome tautomerase-positive cells in the human
atrium
Sections from a cadaveric human posterior atrium costained by immunofluorescence for (A
& D) Dct, (B) MITF and (E) TYR. (C & F) Triple filter images for Dct and each marker are
shown on the right. Dct, KIT and TYR are well-characterized melanocyte markers. Scale
bar: 50 μm.
Dct: Dopachrome tautomerase; MITF: Microphthalmia-associated transcription factor;
TYR: Tyrosinase.
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Figure 2. Dopachrome tautomerase-null cardiac melanocytes demonstrate prolonged action
potential duration and afterdepolarizations
(A) Current clamp recordings from cardiac Dct+/− and Dct−/− cells demonstrated increased
action potential duration in the absence of Dct. Resting potential of the Dct+/− cell was −62
mV, while the Dct−/− cell had a resting potential of −60 mV. (B) Representative cardiac
melanocyte from a Dct+/−, GFP-positive mouse visualized by DIC and fluorescent
microscopy for GFP. Scale bar: 10 μm. (C) Spontaneous action potential recordings from
Dct−/− and Dct+/− cardiac melanocytes. Within the trace from the Dct−/− cell, note the
presence of an early afterdepolarization (arrow) arising from phase 3 of the preceding action
potential. The trace from a Dct+/− cell is included for comparison.
Dct: Dopachrome tautomerase; DIC: Differential interference contrast; GFP: Green
fluorescent protein.
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Reproduced with permission from [14].
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Figure 3. Dopachrome tautomerase-null mice have inducible and spontaneous atrial
arrhythmias
(A) Recordings from I, RA and RV show an atrial tachyarrhythmia induced by burst S in a
Dct−/− animal. Irregular intervals between v beats are denoted. Sinus beats are shown on
termination of the episode with normal a and v electrograms. Inset demonstrates magnified
view of denoted area. (B) Real-time telemetry recorded in an awake Dct−/− mouse with an
implantable monitor demonstrates spontaneous AF characterized by abrupt onset of a rapid
irregularly irregular rhythm with no discrete p-waves. The inset shows a faster timescale of a
few beats of sinus rhythm (arrows), followed by the onset of AF.
a: Atrial; AF: Atrial fibrillation; Dct: Dopachrome tautomerase; I: ECG lead I; RA: Right
atrium; RV: Right ventricle; s: Stimulation; v: Ventricular.
Reproduced with permission from [14].
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Figure 4. Dermal and cardiac pigmentation in W/Wv mice
Shown are representative hearts from (A–D) wild-type, (E–H) Wv/+, (I–L) W/+ and (M–P)
W/Wv mouse littermates. (A & B) The wild-type mouse demonstrated normal dermal
pigmentation and (C & D) the presence of cardiac pigmentation. Tricuspid valve at (C) low
and (D) high power; black arrow denotes pigmented cells in a valve leaflet. (E, F, I, J, M &
N) Wv/+, W/+, and W/Wv mice showed abnormal dermal pigmentation, (G, H, K, L, O &
P) as well as an absence of pigmented cells within the valves. Immunohistochemical
staining with an anti-Dct antibody similarly showed labeling within wild-type mouse hearts,
but cardiac staining was absent in Wv/+, W/+ and W/Wv mice (not shown). Original
magnification ×40 (C, G, K & O) and ×200 (D, H, L & P).
Reproduced with permission from [14].
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Figure 5. Dopachrome tautomerase-expressing cells coexpress adrenergic and muscarinic
receptors
Immunohistochemistry within the adult mouse atrium using an antibody to Dct demonstrates
Dct-positive cells with characteristic morphology (A, D, G, J & M). Sections were
costained with antibodies to (B) β1R, (E) α1R, (H) M3R, (K) T-OH and (N) ChAT. Merged
images of Dct and each respective antibody are shown, demonstrating coexpression of Dct
with (C) β1R, (F) α1R and (I) M3R receptors (arrows). In addition, presumptive nerve
terminals that express (L) T-OH and (O) ChAT were seen in close proximity to Dct-
expressing cells (arrows). Scale bars: 20 μm.
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α1R: α1-adrenergic receptor; β1R: β1-adrenergic receptor; ChAT: Choline acetyltransferase;
Dct: Dopachrome tautomerase; M3R: Muscarinic receptor subtype 3; T-OH: Tyrosine
hydroxylase.
Reproduced with permission from [14].
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Table 1

Action potential parameters.

Parameter Cardiac melanocytes Atrial myocytes

Dct+/−(n = 7) Dct−/−(n = 7) Dct+/−(n = 8) Dct−/−(n = 8)

APD90 (ms) 17.0 ± 3.8 75.5 ± 22.2†§¶ 15.2 ± 1.0‡ 14.6 ± 1.72‡

APD50 (ms) 9.2 ± 4.0 19.3 ± 8.0†§¶ 5.7 ± 1.0‡ 5.2 ± 1.5‡

dV/dt (mV/ms) 37.8 ± 14.7 35.7 ± 12.0 30.1 ± 8.1 34.0 ± 8.7

Vr (mV) −59.3 ± 8.9 −65.7 ± 12.9 −61.1 ± 9.2 −62.3 ± 12.8

Data are presented as the mean ± standard deviation and statistical significance was assessed using one-way analysis of variance followed by the
least significant difference procedure.

†
p < 0.05 compared with Dct+/− melanocytes.

‡
p < 0.05 compared with Dct−/− melanocytes.

§
p < 0.05 compared with Dct+/− myocytes.

¶
p < 0.05 compared with Dct−/− myocytes.

APD50: Action potential duration at 50% repolarization; APD90: Action potential duration at 90% repolarization; dV/dt: Action potential upstroke
rate of rise; Vr: Resting membrane potential.

Reproduced with permission from [14].
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Table 2

Select ion channel and calcium-handling transcripts in cardiac dopachrome tautomerase-expressing cells.

Symbol Genbank name Description Fold change

Pln AK002622 Phospholamban 5.93

Cacna1c NM_009781 Calcium channel, voltage dependent, L-type, α1C subunit 2.49

Atp2b1 BI080417 ATPase, Ca2+ transporting, plasma membrane 1 2.67

Ryr2 NM_023868 Ryanodine receptor 2, cardiac 2.31

Gjc1 NM_008122 Gap junction protein, γ1 2.30

Atp2a2 AA245637 ATPase, Ca2+ transporting, cardiac muscle 2 1.88

Clic4 BB814844 Chloride intracellular channel 4 1.82

Vdac2 BC003731 Voltage-dependent anion channel 2 1.74

Cav3 NM_007617 Caveolin 3 1.60

Kctd18 BB257241 Potassium channel tetramerization domain 1.58

Atp1a1 BC025618 ATPase, Na+/K+ transporting, α1 polypeptide 1.53

Kcmf1 BG071725 Potassium channel modulatory factor 1 1.52

Scn5a BB516098 Sodium channel, voltage gated, type V, α 1.14

Kcnk3 BF467278 Potassium channel, subfamily K, member 3 1.11

Kcnj1 NM_019659 Potassium inwardly rectifying channel, subfamily J, member 1 1.08

Single-cell transcriptional profiling was performed with RNA harvested from five Dct-positive cells and five atrial myocytes isolated from Dct+/−
hearts. Expression data were normalized to the mean of all transcript assays for each cell type and displayed as fold change above the norm of
transcripts assayed in atrial myocytes. The GeneSpring analysis program was used to identify genes categorized as ion channel transcripts and the
table shows transcripts with >1.0-fold expression above normal.

Dct: Dopachrome tautomerase.

Reproduced with permission from [14].
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Table 3

Baseline invasive electrophysiology intervals.

Parameter Dct−/− (n = 11) Dct+/− (n = 12) W/Wv (n = 10) Dct−/−, W/Wv (n = 10)

Episodes AT 27 2* 2* 5*

Episodes VT 7 10 8 9

ATCL (ms) 32.2 ± 7.8 76.5 46.9 38.4 ± 6.7

AT duration (ms) 781 ± 417 356 112 178 ± 112

Age (days) 56.7 ± 4.8 58.4 ± 6.4 59.7 ± 5.8 62.0 ± 7.9

Weight (g) 21.2 ± 3.7 21.4 ± 2.8 22.0 ± 2.4 21.8 ± 2.6

Data are presented as the mean ± standard deviation and tests of statistical difference were computed using one-way analysis of variance followed
by the least significant difference procedure for tachycardia duration, cycle length, animal weight and age. The number of arrhythmic episodes
were assumed to have a Poisson distribution and the Kolmogorov–Smirnov test was used to assess statistical significance between groups.
Statistical significance for mean AT duration was determined by the Mann–Whitney test.

*
p < 0.05 compared with Dct−/−.

AT: Atrial tachycardia; ATCL: Atrial tachycardia cycle length; Dct: Dopachrome tautomerase; VT: Ventricular tachycardia.

Modified with permission from [14].
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Table 4

Electrophysiology effects of muscarinic stimulation on cardiac melanocytes.

Parameter Wild-type mice (n = 8) W/Wv mice (n = 8)

Baseline Carbachol Baseline Carbachol

Episodes AT 2 64†§¶ 4 36†‡§

ATCL (ms) 36.4 26.7 ± 8.7 35.5 ± 6.2 25.0 ± 8.2

AT duration (s) 0.19 29.7 ± 3.5†§ 0.23 ± 0.15‡¶ 27.8 ± 2.9†§

Age (days) 54.9 ± 5.2 54.9 ± 5.2 56.2 ± 5.4 56.2 ± 5.4

Weight (g) 22.8 ± 2.9 22.8 ± 2.9 21.6 ± 2.7 21.6 ± 2.7

Data analysis was performed as described in Table 3.

†
p < 0.05 compared with wild-type.

‡
p < 0.05 compared with wild-type + carbachol.

§
p < 0.05 compared with W/Wv.

¶
p < 0.05 compared with W/Wv + carbachol.

AT: Atrial tachycardia; ATCL: Atrial tachycardia cycle length.

Modified with permission from [14].
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