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The sinoatrial node is the primary pacemaker of the heart. Nodal dysfunction with aging, heart failure,
atrial fibrillation, and even endurance athletic training can lead to a wide variety of pathological clinical
syndromes. Recent work utilizing molecular markers to map the extent of the node, along with the delineation of a novel paranodal area intermediate in characteristics between the node and the surrounding
atrial muscle, has shown that pacemaker tissue is more widely spread in the right atrium than previously
appreciated. This can explain the phenomenon of a “wandering pacemaker” and concomitant changes in
the P-wave morphology. Extensive knowledge now exists regarding the molecular architecture of the node
(in particular, the expression of ion channels) and how this relates to pacemaking. This review is an up-todate summary of the current state of our appreciation of the above topics. (PACE 2010; 33:1392–1406)
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Introduction
The sinoatrial node (SAN) of healthy humans
is the primary pacemaker of the heart. It is usually
depicted in textbooks as a very small discrete
area near where the superior vena cava enters the
right atrium. This is an oversimplification, and
consequently many physicians are unaware of the
extent and complexity of the SAN. The SAN is an
anatomically and electrophysiologically heterogeneous structure that expresses a unique set of
ion channels necessary for the generation and
propagation of the action potential. Dysfunction of
the ion channels by remodeling in disease states
or as a result of inherited mutations can lead to
impaired SAN function.
The Discovery of the Sinoatrial Node
The SAN was discovered over 100 years ago
in 1907 by Sir Arthur Keith, who examined human
hearts histologically with the initial intention
to define the mechanisms behind closure of the
great veins during atrial systole.1,2 During these
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examinations he defined “a small condensed area
of tissue, just where the cava sank into the auricle,”
but did not believe it to be functionally important
(Fig. 1A).1 Following Tawara’s discovery and
description of the bundle of His while working in
the laboratory of Aschoff,3 Keith’s work received
new impetus and (working with medical student
Martin Flack) he was inspired to study the hearts
of smaller mammals including moles.1 Here, they
discovered “a wonderful structure in the right
auricle,” which was reproducibly present in all
the subsequent hearts studied.2 It was not until
4 years later that this was discovered to be the
point of initial cardiac stimulation.4,5
Basic Anatomy
The crescent-shaped human SAN lies at
the junction of the superior vena cava and
the right atrium. The myocytes comprising the
SAN are small, pale, with poorly developed
sarcomeres and sarcoplasmic reticulum.6–8 They
are set in an irregularly bordered highly fibrous
connective tissue matrix, allowing discrimination
from the surrounding non-nodal tissue, which
contains much less connective tissue on basic
histological examination (Fig. 1B).9 The SAN is
signposted by the presence of a relatively large
artery and it occupies a subepicardial position
next to the crista terminalis (Fig. 1A and B).9
Early depictions of the node from the 1960s
demonstrated it to be a relatively limited structure
in the crest of the right atrial appendage, at
the junction of the superior vena cava and right
atrium.10,11 Later reconstructions showed the node
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Figure 1. (A) The “sino-auricular junction in human heart” from the original description of the SAN from Keith and
Flack published in 1907.2 A drawing of a tissue section through the terminal crest and SAN is shown. (B) Tissue
section through the terminal crest and SAN of the human heart stained with Masson’s trichrome (dark-blue/black =
nuclei, pink = myocytes, royal blue = connective tissue). The SAN and paranodal area are outlined with dashed
lines. From the study of Chandler et al.16 published in 2009. (C) Immunolabeling of Cx43 (green spots) and ANP (red
spots) in the SAN, paranodal area, and atrial muscle in the human. Cx43 and ANP are absent from the SAN, present
in some cells in the paranodal area, and present in all myocytes in the atrial muscle. From Chandler et al.16

as a more diffuse, elaborate structure, usually
extending down the inferolateral aspect of the
crista terminalis in a cigar shape.9 There are
various indications that the SAN (or at least the
pacemaker tissue) is an extensive structure:
1. In the rabbit, the SAN extends down the
crista terminalis toward the entrance to the inferior
vena cava (Fig. 2).9 Variation is commonplace and
alternative arrangements include extension of the
SAN across the crest of the right atrial appendage
to sit in the interatrial groove.12
2. The embryonic development of the SAN
is controlled by a T-box transcription factor,
Tbx3.13 Tbx3 is only expressed in the cardiac
conduction system of the heart, i.e., the SAN, the
atrioventricular node (AVN), and the first parts of
the bundle branches.14 It acts as a transcriptional
regulator that induces and maintains formation
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of the SAN, while inhibiting expression of atrial
genes. In the embryonic mouse heart, its presence
has given valuable clues to the true extent of the
SAN—nodal tissue, defined by the presence of
Tbx3, continues from the superior vena cava down
the crista terminalis to the inferior vena cava and
ultimately to the AVN.15
3. Recent work has shown an extensive
“paranodal area” in humans, located within the
crista terminalis close to, but not continuous with,
the SAN (Fig. 1B).16 It is likely to be more extensive
than the SAN (see below). The paranodal area
comprises a mixture of loosely packed nodal and
atrial myocytes and has a molecular architecture
in some respects distinct and intermediate to the
SAN and atrial muscle.16 Whereas in the SAN
there is no Cx43 (connexin43—responsible for
electrical coupling between cardiac myocytes) and
no atrial natriuretic peptide (ANP), and in the
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Figure 2. Schematic diagram of the rabbit heart, showing the proposed position of the
components of the cardiac conduction axis. The SAN and AVN, shown in red, are based
on accurate computer reconstructions.52,121 The His-Purkinje network, shown in purple, is
schematic. A schematic diagram of typical action potential morphologies in the different regions
of the heart is shown on the right.

atrial muscle there is both, in the paranodal area
there is a heterogeneous mixture of myocytes,
some of which express Cx43 and ANP while others
do not (Fig. 1C).16 Ion channels are ultimately
responsible for the electrical activity of a tissue
and, as expected, the expression of ion channels
in the SAN is different from that in the working
myocardium.16 In certain important cases, the
expression of ion channels in the paranodal area
is intermediate between that of the SAN and
atrial muscle, but in other cases it is distinct
from that in both the SAN and atrial muscle.16
At present, the role of the paranodal area can
only be speculated on: it may facilitate the exit
of the action potential from the SAN into the atrial
muscle.16 Alternatively, it may be involved in
normal pacemaking—perhaps the paranodal area
is acting as the leading pacemaker site in the
patient in Figure 3B. The paranodal area could
also be responsible for conduction discrepancies
that favor the genesis of cristal tachycardias (atrial
tachycardias arising along the length of the crista
terminalis).17 However, it is worth mentioning that
no functional studies have thus far been performed
on the paranodal area, and hence the functional
significance of the above anatomical findings
remains unclear.
4. There are multiple features of the human
SAN that make it difficult to ablate or modify
with endocardial catheter techniques (as may
be required in patients with inappropriate sinus
tachycardia), including the caudal proximity of
the thick crista terminalis and the cooling effects
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of the nodal artery.9 However, a major reason
that the SAN is difficult to ablate is its extensive
location18–20 —in the dog Kalman et al.21 had
to ablate the entire crista terminalis from the
superior to the inferior vena cava to stop sinus
rhythm (a distance of 3–4 cm in this species).
Similar problems have been experienced when
trying to ablate the human SAN.20 This is
clearly inconsistent with the textbook picture
of the SAN, but it is consistent with the other
indications above of the extensive nature of the
SAN.
The exact mechanism of how the electrical
impulse exits from the SAN is far from clear.
An area of functional medial block (i.e., toward
the interatrial septum) has long been recognized
to occur within the rabbit SAN.22 Early work
by Bromberg et al.23 demonstrated that in the
dog, mapping of extracellular potentials from the
SAN and right atrium showed exit sites located
at the cranial and caudal ends of the node, and
that ablation of these discrete sites lead to SAN
exit block. Schuessler24 subsequently put forward
a model of the sinus node whereby it was not
diffusely anatomically continuous with the atrial
myocardium, rather it was attached to the atrial
musculature only at a limited number of discrete
exit sites. The recent work of Fedorov et al.25
went further, suggesting that the dog SAN (with
its similar three-dimensional arrangement to that
of the human) is anatomically surrounded by a
loop of both vessels and connective tissue that
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Figure 3. The position of the leading pacemaker site is highly variable. (A) Pacemaker shift in the rabbit SAN. The
position of the leading pacemaker site under basal conditions is shown by the black star and under the indicated
conditions by the white stars. From Boyett et al.22 (B, C) The position of the leading pacemaker site in two patients
during cardiac surgery. Drawings of the atria (dorsal view) are shown. The activation sequence of the atria is shown
by the isochrones in milliseconds and the associated P wave is shown in the inset. The leading pacemaker site is
highlighted in red. In the first patient (B), the leading pacemaker was at an inferior site near the inferior vena cava
giving an upward vector of atrial activation and a negative P wave in lead aVF. In the second patient (C), the leading
pacemaker was near the superior vena cava and the vector of atrial activation was inferior and the P wave in lead
aVF was positive. From Boineau et al.122 (D) Spontaneous pacemaker shift in the human. The trace shows inferior
leads II and III during Holter monitoring of a healthy 17-year-old female. Note that a negative P wave was associated
with a long R-R interval and a positive P wave was associated with a shorter R-R interval. This presumably reflects
a change in the position of the leading pacemaker site from an inferior to a superior site.123 Abbreviations: 4-AP,
4-aminopyridne (blocker of the transient outward K + current); ACh, acetylcholine; CT, crista terminalis; E-4031,
blocker of the rapid delayed rectifier K + current; IVC, inferior vena cava; LAA, left atrial appendage; Nif, nifedipine;
PV, pulmonary veins; RA, right atrium; RAA, right atrial appendage; SEP interatrial septum; SVC, superior vena cava.

lead to anatomical and physiological conduction
block on both sides of the node (medially
toward the interatrial septum and laterally toward
the crista terminalis). They demonstrated (with
optical mapping of action potentials) that SAN
exit pathways predominantly exist superiorly and
inferiorly and are few in number, while action
potentials that initially travel in the transverse
direction propagate markedly more slowly than
those that travel in the supero-inferior direction,
and eventually disappear without ever leaving
the node. Such an arrangement would have
certain physiological advantages (good electrical
insulation from the surrounding hyperpolarizing
influences of the atrial muscle), and some
disadvantages (damage to the exit pathways
can easily lead to SAN exit block, bradycardia,
syncope, and sudden cardiac death). However,
the detailed work of Sanchez-Quintana et al.9
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completely failed to demonstrate any evidence for
an insulating sheath of fibrous tissue surrounding
the SAN on any side in the 47 adult human hearts
studied. They also demonstrated multiple radiations of nodal tissue interdigitating with normal
atrial myocardium, leading them to suggest that
there was potential for multiple breakthroughs
of the nodal wavefront. Likewise, Matsuyama
et al.26 did not demonstrate any histological or
anatomical areas of likely conduction blockade
in their thorough study of the posterolateral
right atrium of human samples taken at postmortem—see Figure 4. They demonstrated that
at the various levels studied within the SAN,
there appeared to be continuity between SAN and
atrial muscle cells. It may be, therefore, that the
presence of discrete exit sites is a functional rather
than an anatomical phenomenon. Further work
is undoubtedly required to elucidate the exact
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Figure 4. Extent of the human SAN. (A) Photograph of a human SAN preparation on which
are superimposed tissue sections (cut perpendicular to the crista terminalis through the SAN) at
the levels shown. Black, atrial muscle (and paranodal area); yellow, SAN; blue, superior vena
cava; violet, sinus venosus. (B–D) Further tissue sections cut at the levels shown by the white
arrows. Black, atrial muscle (and paranodal area); gray, SAN; blue, superior vena cava; red,
sinus venosus. ANT, anterior; CT, crista terminalis; IVC, inferior vena cava; LAT, lateral; POST,
posterior; SEP, septum; SVC, superior vena cava; SV, sinus venosus. Azan-Mallory stain. Bar =
10 mm. From Matsuyama et al.26

mechanism of exit of action potentials from the
SAN.
Physiology
Pacemaking in the intact SAN is not limited to
a single anatomical area. Figure 3A demonstrates
that the leading pacemaker site (the site of first
activation) in the rabbit moves in response to
physiological stimuli, a phenomenon known as
“pacemaker shift” or the “wandering pacemaker.”
Figure 3B and C demonstrates variation in the
site of the leading pacemaker, this time in the
human (data obtained by activation mapping
during cardiac surgery). In one patient, the leading
pacemaker site occurred at the junction of the
superior vena cava with the right atrium, by
convention the location of the SAN (Fig. 3C).
However, in the second patient, the leading
pacemaker site occurred at the junction of the
inferior vena cava with the right atrium (Fig. 3B).
By convention, the SAN is not thought to extend to
the inferior vena cava in the human (yellow area
in Fig. 4A). In the example shown in Figure 3B,
therefore, the leading pacemaker site is outside the
anatomical SAN. However, as mentioned above, in
the embryonic mouse heart Tbx3-expressing nodal
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tissue extends from the superior to the inferior
vena cava. Furthermore, the paranodal area may
extend down to the inferior vena cava—Figure 4
shows a diffuse extension of myocytes as far as
the inferior vena cava that may represent the
paranodal area. The pacemaker shift is likely to be
responsible for variations in P-wave morphology
often seen, but ignored. Figure 3B and C shows
that the shift of the leading pacemaker site
resulted in a change in the polarity of the P
wave. Figure 3D shows an electrocardiogram
(ECG) recorded from a 17-year-old girl who
attended McMaster Children’s Hospital (Canada)
for investigation of palpitations. Her 12-lead ECG,
24-hour ambulatory ECG, and echocardiogram
were essentially normal. However, during sleep
there was a spontaneous change in the polarity of
the P-wave vector in the inferior ECG leads from
negative to positive (accompanied by an increase
in the heart rate; Figure 3D), presumably due to
a superior shift of the leading pacemaker site. In
an ad hoc screen of ECG recordings from ∼300
human subjects at a private clinic in Manchester
(UK), ∼1% of subjects had a negative P wave in
an inferior lead. The phenomenon of pacemaker
shift demonstrates that the SAN is heterogeneous

November 2010

PACE, Vol. 33

SINOATRIAL NODAL ANATOMY AND PHYSIOLOGY

rather than uniform. In the dog, it has been noted
that sympathetic nerve stimulation quickens the
heart rate and causes a superior shift of the leading
pacemaker, whereas vagal nerve stimulation slows
the heart rate and causes an inferior shift of
the leading pacemaker.27 This has resulted in the
concept of a hierarchy of pacemakers within the
SAN, with the slowest located inferiorly and
the fastest superiorly.27 An alternative, though
equally viable, explanation of pacemaker shift and
difference in P-wave morphology is that there is
differential exit of the action potential from the
SAN. For example, it may exit at a superior site in
Figure 3C, and an inferior site in Figure 3B.
Action potential morphology differs throughout the heart, the action potential of the SAN
differing markedly from the action potential of the
working myocardium (Fig. 2). It has been known
since the 1940s that the hallmark of spontaneously
active cardiac tissue is diastolic depolarization
(also termed the “pacemaker potential”),28 which
allows the triggering of an action potential
when a threshold potential is reached (Fig. 5).
Furthermore, the SAN has a relatively depolarized
(less negative) membrane potential during diastole
with a slower upstroke and smaller overshoot
(Fig. 5).29
Concepts in Pacemaking
During the pacemaker potential, the SAN
myocyte is depolarized (i.e., the membrane
potential becomes more positive; Figure 5). Inward
ionic current (i.e., flow of positively charged
cations across the cell membrane via specific ion
channels into the myocyte) causes depolarization

(i.e., a positive shift in the membrane potential),
while outward ionic current (i.e., flow of positively
charged cations out of the myocyte via other ion
channels) causes repolarization (i.e., a negative
shift in the membrane potential). The contribution
of different ionic currents (each flowing through a
unique ion channel) to the pacemaker potential
has been revealed by recording of the ionic
currents using the voltage clamp technique and
specific pharmacological blockade of the ionic
currents, and the role of individual ion channels
by transgenic knockout or mutant animals. The
pacemaker potential (diastolic depolarization) is
the result of the absence of one outward current,
the decay of another outward current, and an
increase in various inward currents as shown in
Figs. 5 and 6 and discussed below.
K+ Currents
The working myocardium has a stable resting
potential (Fig. 5) and this is generated by an
outward current, the confusingly named inward
rectifier K+ current, I K,1 , carried by K ir 2 channels,
such as K ir 2.1. The SAN has no stable resting potential, because it lacks I K,1 and K ir 2.1,16 and this
sets the scene for pacemaking (in the ventricles,
simply knocking out K ir 2.1 allows pacemaking
to occur30 ). During the action potential, the
delayed rectifier K+ current, I K , is activated and
is responsible for repolarization of the myocyte at
the end of the action potential. After the action
potential, I K decays and this allows other inward
currents (see below) to depolarize the myocyte—
in this way, the decay of I K is believed to be

Figure 5. Typical action potentials recorded from atrial muscle (light gray) and the center of the
SAN (black). The temporal contributions of the main ionic currents to the pacemaker potential
are shown by the black bars. Adapted from Boyett.115
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Figure 6. Five ionic currents involved in SAN pacemaking. A SAN myocyte is shown. Membrane
clock: during the pacemaker potential, there is a voltage-dependent decay of outward current (I K
or outward rectifier K + current; 1) and a voltage-dependent activation of at least three inward
currents, I f (funny current; 2), I Ca,L (L-type Ca2+ current; 3) and I Ca,T (T-type Ca2+ current; 4).
Ca2+ clock: during the final phase of the pacemaker potential, there is an activation of inward
I NaCa (Na+ -Ca2+ exchange current; 5) in response to a spontaneous release of Ca2+ from the
sarcoplasmic reticulum via the ryanodine receptor (RyR2). Because the Na+ -Ca2+ exchanger
exchanges one intracellular Ca2+ ion for three extracellular Na+ ions, it is electrogenic and
generates an inward current (I NaCa ) on removing Ca2+ from the cell. Ca2+ release from the
sarcoplasmic reticulum also occurs as a result of Ca2+ -induced Ca2+ release in response to
Ca2+ entry into the cell via I Ca,L and I Ca,T . The sarcoplasmic reticulum is replenished with Ca2+
by reuptake of Ca2+ into the sarcoplasmic reticulum via SERCA2 (Sarco/Endoplasmic Reticulum
Ca2+ ATPase). Store-operated Ca2+ channels (SOCC) at the cell surface membrane may also help
to replenish the sarcoplasmic reticulum with Ca2+ .

responsible for the earliest part of the pacemaker
potential (Figs. 5 and 6).31 I K has fast and slow
components, I K,r and I K,s , carried by the K+
channels, ERG and K v LQT1, respectively.
Funny Current
Perhaps the best-known ionic current in the
SAN is the “funny current” (I f ), an inward current
carried by Na+ and K+ ions, which is specifically
activated at hyperpolarized membrane potentials.32,33 The ion channels responsible for I f are
the hyperpolarization-activated cyclic-nucleotide
gated gene family (HCN), of which there are four
isoforms.34 In humans, the predominant cardiac
isoforms are HCN1 and HCN4.16 The characteristics of I f are intermediate between those of HCN1
and HCN4, suggesting that the biologically active
channels are heteromultimers of HCN1 and HCN4
subunits.35 The importance of I f in pacemaking
is suggested by the abundance of HCN1 and
HCN4 in the SAN and their absence in the
atrial muscle.16 Furthermore, forms of congenital
idiopathic sinus bradycardia have been identi-
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fied, caused by heterozygous dominant-negative
mutations in HCN4 (see below).36–38 In the
rabbit, block of I f by CsCl leads to a slower
pacemaker potential and, therefore, a prolongation
(of around 14%) of the period between successive
action potentials.39 In the isolated rabbit SAN
preparation, block of I f by the specific heart rate
lowering drug, ivabradine, slows the heart rate by
24% (when at a concentration of 3 μM). When
given to humans, ivabradine at a dose of 5 mg twice
daily causes a mean decrease in resting heart rate
of 9.5 beats per minute.40 Both of these effects of
ivabradine occur mainly by decreasing the slope
of the pacemaker potential.41 Sympathetic nerve
stimulation quickens the pacemaker potential
and leads to an increased pacing rate.42 HCN
channels are suggested to be central to this
process, because cAMP produced in response to
β1-adrenoceptor activation following sympathetic
nerve stimulation modulates the electrophysiological properties of the HCN channels via a cytoplasmic cyclic nucleotide binding domain.43 The
central role of I f in pacemaking is controversial—
for example, a knockout mouse expressing no
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HCN4 and reduced I f displays sinus pauses,
but no bradycardia or complete lack of pacing
as predicted by some investigators.44 However,
Stieber et al.45 demonstrated that mice deficient in
HCN4 die in utero, having hearts that show slowed
cardiac conduction and an absence in primitive
pacemaking cells at post-mortem examination.
This, they suggest, shows that HCN4 is essential
for the generation of pacemaker potentials in
the heart. Recently, we have shown that block
of I f by Cs+ increases heart rate variability (O.
Monfredi, unpublished data) and this suggests that
an important role of I f is to stabilize the heart rate
as suggested by Noble et al.46
Ca2+ Currents
Ca2+ channels are activated by the rising
membrane potential late during the pacemaker
potential (Fig. 5). The L-type Ca2+ current (I Ca,L )
in the SAN is dependent on the Ca2+ channel,
Ca v 1.3 (and, perhaps in addition, Ca v 1.2), while
in the working myocardium it is exclusively
Ca v 1.2 that carries this current.47 Ca v 1.3 has
a more negative threshold (activation) potential
than Ca v 1.2; thus, it is a more appropriate channel
for pacemaking tissues because it is activated
earlier in the pacemaker potential.48 Block of I Ca,L
with nifedipine abolishes pacemaking in central
SAN myocytes, because this current is responsible
for the slow action potential upstroke in the
SAN (the Na+ channel, Na v 1.5, responsible for
the fast action potential upstroke in the working
myocardium, is mostly absent—see below).47,49
Why nifedipine should have no effect on heart rate
in humans therefore is intriguing. One possibility
is that although nifedipine abolishes pacemaking
in central I Ca,L -dependent SAN tissue, it accelerates pacemaking in peripheral I Na -dependent
SAN tissue,49 and thus its overall effect on rate
in humans is balanced out (see Fig. 3A, which
demonstrates a shift in leading pacemaker site in
response to nifedipine, from central to peripheral,
negating any negatively chronotropic effects that
might be otherwise expected).
Transgenic mice lacking Ca v 1.3 are bradycardic with sinus dysrhythmia.48,50 The T-type
Ca2+ current (I Ca,T) is dependent on the Ca2+
channels, Ca v 3.1 and Ca v 3.2, and has been found
in all cardiac myocytes displaying automaticity,
including SAN myocytes.51 These channels are
significantly more abundant in the SAN than
the working myocardium.16 Block of I Ca,T with
Ni2+ prolongs the cycle length by 14% and
knockout of the Ca v 3.1 gene in the mouse
leads to bradycardia and increased SAN recovery
time.48,51
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Na+ Current
The inward Na+ current (I Na ) is important in
the working myocardium and is carried by the
Na v 1.5 channel (encoded by the SCN5A gene). It is
responsible for the fast upstroke of the action potential in the working myocardium. This current is
abundant in the working myocardium and in the
periphery of the SAN, but is absent from the center
of the SAN, explaining the slower upstroke of the
action potential seen here (Fig. 5).52–54 Despite
documented absence of Na v 1.5 from the center
of the SAN,16 Na v 1.5 knockout mice still show
bradycardia, abnormally long SAN conduction
times, and frequent SAN conduction block.55–60
Likewise, mutations in the gene for Na v 1.5
(SCN5A) in humans have been associated with
familial sick sinus syndrome. These effects are
surprising given the lack of Na v 1.5 in the center of
the node, but are postulated to arise from impaired
channel function at the periphery of the SAN.52
Human SAN myocytes excised from a patient with
inappropriate sinus tachycardia showed a large
inward current resembling I Na .61 These myocytes
might represent transitional (peripheral) myocytes
rather than true central SAN myocytes, but this
finding might also suggest that I Na may be more
important in the human SAN than traditionally
thought.
“Ca2+ Clock”
So far, the “membrane clock” underlying
pacemaking has been described, i.e., the timeand voltage-dependent decay of I K and timeand voltage-dependent activation of I f , I Ca,L ,
I Ca,T , and I Na . In addition, there is a “Ca2+
clock” (Fig. 6).62 Within cardiac myocytes, the
sarcoplasmic reticulum acts as an intracellular
Ca2+ store. In the SAN, late during the pacemaker
potential, Lakatta and colleagues63 have shown
that Ca2+ is spontaneously released from the
sarcoplasmic reticulum into the cytoplasm via
the ryanodine receptor, RYR2 (actually a Ca2+
channel). The intracellular Ca2+ is then extruded
from the myocyte via the Na+ -Ca2+ exchanger
(NCX1; Fig. 6). This then generates a significant
inward current (I NaCa ), because the exchanger
is electrogenic—it exchanges three Na+ ions for
each Ca2+ ion—this has been suggested to be
responsible for the final exponential phase of
the pacemaker potential (Fig. 5). The role of the
Ca2+ clock in pacemaking is controversial.52 For
example, block of sarcoplasmic reticulum Ca2+
release by ryanodine has been reported to reduce
the pacemaker rate by as little as −5 to +27%,64 but
in other studies by as much as +100%.63 However,
block of I NaCa by Li+ abolishes pacemaking in
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SAN myocytes.63 Store-operated Ca2+ channels at
the cell surface membrane may be responsible
for regulating the amount of Ca2+ within the
sarcoplasmic reticulum (Fig. 6). Block of these
channels reduces the pacemaking rate by 25%.65
The mechanism is not entirely clear, but it may be
that the repletion of intracellular Ca2+ stores by the
store-operated Ca2+ channels sets the frequency of
the Ca2+ clock.
Gap Junctions and Electrical Coupling
Gap junctions (nonspecific ion channels connecting neighboring myocytes) are responsible for
the electrical coupling between cardiac myocytes
and the propagation of the action potential
throughout the heart. Gap junctions are comprised
of connexins (Cx). Cx43 is abundantly expressed
in the working myocardium, where it forms
relatively large conductance gap junctions. Cx43
is responsible for the electrical coupling between
working myocytes and the high conduction
velocity of the action potential in the working
myocardium. In contrast, Cx43 is not expressed
in the center of the SAN.66 Instead Cx45 is
expressed in the SAN, where it forms small
conductance gap junctions and, consequently, the
myocytes in the center of the SAN are poorly
electrically coupled.66 As a result, the conduction
velocity of the action potential in the center of
the SAN is slow, but more importantly the center
of the SAN is electrically insulated from the
surrounding atrial muscle.66 This is important,
because the atrial muscle (which does not show
pacemaker activity) can suppress the pacemaker
activity of the SAN.66 Toward the periphery
of the SAN, the electrical coupling improves,
with expression of Cx43 and 45 demonstrated in
the periphery of the rabbit SAN.66 Furthermore,
interdigitations between SAN and atrial myocytes
are seen in the periphery, theoretically facilitating
the propagation of the action potential from
the SAN into the surrounding atrial muscle.66
Gap junction dysfunction significantly impacts on
normal pacemaking. Cx40 forms large conductance gap junction channels. As in the case of
Cx43, Cx40 is present in the atrial muscle, but
largely absent from the SAN.16 Nevertheless, Cx40
knockout mice demonstrate bradycardia with SAN
exit and entry block, as well as a prolongation of
SAN conduction time.67
It is important to electrically insulate the SAN
from the surrounding atrial muscle as discussed
above, and this is probably why the area of contact
between the SAN and atrial muscle is restricted,
and the SAN is surrounded by fatty tissue (Figs. 2
and 4).
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Sinoatrial Node Remodeling and Sinoatrial
Node Dysfunction
SAN dysfunction as a clinical entity includes
a variety of disorders, including inappropriate
sinus bradycardia, sinus arrest, chronic atrial fibrillation, and tachycardia-bradycardia syndrome.
It is a common problem in clinical cardiology, and
one of the commonest indications for insertion
of permanent pacing systems.68 Its frequency is
expected to increase significantly as the general
population continues to live longer. Its etiology
includes structural abnormalities of the node, drug
effects, and pathological autonomic influences.
Rather than a single entity, SAN dysfunction is
better conceptualized as a spectrum of disorders,
whereby a number of different pathophysiological
mechanisms lead to a very similar disease
phenotype (Fig. 7):
1. Familial SAN dysfunction—As detailed
below, SAN dysfunction is significantly more
common in elderly patients. However, it is known
to occur in the fetus, infants, children, and young
adults,69–71 and a large number of these “early
onset” cases are associated with direct SAN injury
from previous cardiac surgery for congenital heart
defects. However, a significant number of people
who experience SAN dysfunction in the first few
decades of life have no clear structural reason
for developing it.72–74 In these patients, a genetic
etiology is assumed. Mutations in the gene for the
cardiac Na+ channel (SCN5A) have been recognized to lead to isolated sick sinus syndrome,56
or the combination of sick sinus syndrome
and bradycardia (also known as “tachy-brady
syndrome.”59 Mutations in the gene for HCN4,
which is in large part responsible for the funny
current (I f ) in human nodal tissues, have also
been identified in patients with idiopathic SAN
disease38 and in individuals with the combination
of long QT, ventricular tachycardia, and SAN
disease.36 These mutations are expected to lead
to slowing of diastolic depolarization in nodal
cells. Finally, mutations in a Ca2+ -handling
gene (calsequestrin gene, CASQ2) that lead to
autosomal recessive catecholaminergic polymorphic ventricular tachycardia (CPVT) are also
associated with SAN dysfunction,36 postulated to
be related to abnormalities in Ca2+ -handling in
SAN cells, leading to abnormal functioning of the
Ca2+ clock.
2. SAN dysfunction and aging—Aging is
associated with SAN dysfunction.36 It causes a
decrease in the overall intrinsic heart rate, and an
increase in SAN conduction time.36,52,75,76 These
overt changes in humans appear to be preceded by
a period of detectable though clinically silent atrial

November 2010

PACE, Vol. 33

SINOATRIAL NODAL ANATOMY AND PHYSIOLOGY

Figure 7. Schematic diagram illustrating the multifactorial etiology of SAN dysfunction, whereby
multiple diverse pathologies can lead to the same disease phenotype.

remodeling (or “atriopathy”) that is particularly
apparent around the region of the crista terminalis
where the SAN would be expected to lie, and
leads to conduction slowing and voltage loss, with
evidence of a decrease in SAN reserve.77 Why this
should progress in some patients to clinically overt
SAN dysfunction but not in others is currently
unclear. The site of the leading pacemaker site
does not appear to be affected by age in rabbits
and cats,78 while an inferior shift in leading
pacemaker site has been demonstrated in aged rats
and humans with SAN dysfunction.76,77 Sick sinus
syndrome is largely a disease of the elderly and
its incidence increases in an exponential manner
with age.52 Sick sinus syndrome in the elderly has
been previously attributed to fibrosis of the SAN.79
Aging was first noted to be associated with fibrosis
of the SAN as early as 1954,80 and further work in
the 1970s appeared to back this up.81 More recent
work has shown that aging leads to significant
remodeling in the extracellular matrix of the SAN
of the rat.76,82 There are, however, conflicting
reports on this phenomenon, with a report on the
human SAN showing no fibrosis in the elderly.79
There is more specific evidence for age-related
remodeling of ionic currents and ion channels
in the SAN. For example, previous authors have
documented a decrease in upstroke velocity at
the periphery of the SAN with aging, believed
to be related to an age-related decrease in I Na .78
This could lead to exit block from the SAN and
an inability of the SAN to drive the surrounding
tissue. More recently, a decrease in expression of
Na v 1.5 has been demonstrated in rats, along with
an age-dependent hypertrophy of SAN cells.76
There is also a decrease in K v 1.5 with aging
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(partly responsible for I K ) in the rat SAN, which
could explain the observed increase in action
potential duration with aging.78,83 In the guinea
pig, aging causes decreased expression of Cx43
in the vicinity of the SAN, potentially accounting
for the observed increase in SAN conduction time
and increased incidence of SAN exit block seen
with aging.84 It has also been noted in the guinea
pig that Ca v 1.2 expression declines during aging,85
associated with a decrease in SAN electrical
activity due to decrease in Ca2+ influx via L-type
Ca2+ channels. This may have implications for the
Ca2+ clock mechanism of pacemaking. Indeed, the
decrease in the intrinsic heart rate during aging
in the rat has been attributed to a decrease in
the Ca2+ clock as a result of a decrease in the
expression of RyR2.86 It has been suggested by
some authors that the above noted changes in SAN
function associated with aging lead to changes in
the anatomy and physiology of the atrial muscle
that predispose it to atrial fibrillation.87
3. SAN dysfunction and ischemia—Coronary artery disease is said to be responsible
for as much as one-third of chronic SAN
dysfunction.88 Obviously, bradycardia and sinus
arrest are commonly seen in the acute phases
of myocardial ischemia and infarction, though
this is usually a transient phenomenon in
association with acute infarction of the inferior
wall associated with altered neurological influences on the heart.89 However, Brueck et al.90
surveyed their population of patients presenting
for permanent pacemaker implantation due to
symptomatic bradycardia, and found significant
coronary artery stenoses in 71% of patients,
suggesting that covert ischemia may have a very
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significant role to play in the development of SAN
dysfunction.
4. SAN dysfunction and heart failure—
Heart failure is associated with SAN dysfunction.
Sudden cardiac death accounts for ∼50% of
the deaths in patients with heart failure.91
Most of these events are due to ventricular
dysrhythmias.92 However, fatal bradyarrhythmias
contribute a significant burden in heart failure;
indeed, they account for ∼42% of the heart
failure sudden deaths in hospital.91,93,94 The
bradyarrhythmias arise in the main because heart
failure causes disease of the cardiac conduction
system, including sick sinus syndrome52 and
atrioventricular nodal dysfunction.95 There will
also be contributory effects from pharmacological
preparations that are negatively chronotropic, but
frequently used in heart failure, including βblockers and digoxin. In a rat model of postinfarction heart failure, we have shown SAN
dysfunction (decrease of the intrinsic heart rate
and prolongation of the SAN recovery time).83
During heart failure and atrial tachyarrhythmia in
the dog, a down-regulation of HCN channels has
been observed in the SAN and this can explain the
SAN dysfunction.96,97 Reduced SAN functional reserve has also been demonstrated in human heart
failure patients versus controls—Sanders et al.92
studied 18 heart failure patients, showing that
compared to controls they exhibited prolongation
of the intrinsic SAN cycle length and corrected
sinus node recovery time; caudal localization of
sinus activity both during sinus rhythm and after
pacing; prolongation of SAN conduction time;
and abnormal, circuitous propagation of the sinus
impulse.
5. SAN dysfunction and atrial fibrillation—
Atrial fibrillation (AF) is well recognized to lead to
SAN dysfunction. This was first demonstrated in
a chronic tachy-pacing AF model in dogs.98 Two
weeks of 20 Hz pacing in the atria led to increased
sinus node recovery time and prolongation of P
waves, while maximal heart rate and intrinsic
heart rate decreased. A similar prolongation in
corrected sinus node recovery time has been noted
in patients following electrical cardioversion
of chronic AF.99,100 Much shorter periods of
atrial tachy-pacing have subsequently been shown
to induce SAN remodeling and dysfunction,101
though reassuringly this phenomenon appears to
be at least in part reversible.102 SAN remodeling
and increased SAN recovery time have also been
observed in conditions that predispose to AF,
including dysynchronous ventricular pacing103
and in the longstanding pressure and volume
overload associated with chronic atrial septal
defect.97,104
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6. SAN dysfunction and diabetes—It is
postulated that the microvasculopathy inherent to
diabetes causes a higher than normal incidence of
SAN dysfunction,105,106 though finding evidence
for why this is in the medical literature is
difficult. Wasada et al.107 presented a case series
of four patients who had sick sinus syndrome
(sinus arrest with paroxysmal episodes of atrial
fibrillation) alongside hyperinsulinemia related
to insulin resistance as part of their type 2
diabetes. They postulated that insulin’s effect
as a stimulator of the cell membrane Na+ /K+
ATPase could account for the SAN dysfunction
seen in these patients with chronic excessively
high levels of blood insulin—chronic exposure
to hyperinsulinemia, they suggested, could lead
to hyperpolarization of SAN myocytes due to
depletion of intracellular Na+ . Early experience
with the streptozotocin (STZ) model of diabetes
in rats showed that soon after diabetes induction,
there was a marked decrease in heart rate108–110 ;
this partially normalized with insulin treatment.
This decrease in nodal function appeared to be
intrinsic to the node itself, being present in
Langendorff heart preparations and isolated atrial
preparations from STZ rats.111,112 Howarth et al.113
showed that in the same STZ-induced model of
diabetes in rats, there was an increase in SAN
cycle length and SAN conduction time. They went
on to show that there was upregulation of certain
gap junction proteins in the SANs of diabetic rats,
and postulated that this may be the cause of the
witnessed physiological nodal dysfunction.
7. SAN dysfunction and extreme physical
training—It is well known that there is a resting
bradycardia in athletes. For example, the heart rate
of top class, race-fit Tour de France cyclists has
been reported to be ∼30 beats/min.114 Previously,
this bradycardia has been attributed to high vagal
tone.115 However, there is little or no evidence
for this and instead experimental studies have
shown that in humans and experimental animals
the bradycardia is the result of a decrease in the
intrinsic heart rate, i.e., a decrease in the intrinsic
pacemaker activity of the SAN.115 Could this be
the result of an ion channel remodeling in the
athlete’s SAN? The resting bradycardia developed
by athletes persists for many years after training
has stopped, suggesting that the changes are
irreversible.116 It is also becoming accepted that
long-term endurance level exercise is associated
with an increase in risk of atrial fibrillation
and flutter.117 Stein et al.118 demonstrated that
trained athletic humans (n = 6) had longer
SAN cycle lengths (i.e., slower heart rate), sinus
node recovery time, Wenckebach cycle length
and effective refractory period of the AV node
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compared to control individuals, both at baseline
and following blockade of the autonomic nervous
system with atropine and propranolol, suggesting
that indeed training does cause intrinsic changes
to not only the SAN, but also the AVN. On this
basis, it seems more likely that endurance training
does lead to intrinsic changes in the pacemaking
tissues of the heart. However, for this to occur,
one appears to at least initially require the
presence of a functioning autonomic nervous
system—both rats and dogs who were trained
following denervation of the heart failed to
develop any resting or intrinsic bradycardia.119,120
The mechanism has been suggested to be that
initially, the response to training is mediated
by the autonomic nervous system, but over time
and with dilatation and hypertrophy of the heart,
there is mechano-electrical feedback, leading to
intrinsic changes to the SAN and other regions of
the cardiac conduction system.118 Clearly, further
studies are required.
Conclusion
The world of the SAN appears to become
increasingly fascinating the more we discover
about it. Clearly from the above, we have come a

long way since the small group of condensed cells
were discovered by Keith and Flack. Significant
recent developments have enabled us to define the
true extent of the SAN, which is markedly greater
than previously thought, with the additional
existence of a novel paranodal area. We are also
coming to appreciate the spectrum of disorders
that fall under the umbrella definition of SAN
dysfunction, and that though the phenotype of
the disorder is often similar, the etiopathogenesis
can be markedly different. Finally, and perhaps
most excitingly, we are arriving at an appreciation
of the fundamental mechanism of pacemaking,
which includes both membrane and Ca2+ clock
hypotheses acting synergistically to lead to a
robust yet finely tuned system of dependable
pacing function. There do, however, remain some
critical vagaries of SAN form and function that
will require further elucidation before we can be
comfortable that we have a full appreciation of
the workings of the intrinsic cardiac pacemaker,
and one of the most important factors in making
these developments will be accessing human
tissue upon which to perform such experiments.
Ongoing close collaboration between clinicians
and basic scientists will, as ever, be paramount
in ensuring that this occurs.
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