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Abstract
Background Together with the afferent branches of the auto-
nomic nervous system, the sinoatrial node (SAN) forms a
functional unit whose function is to fire rhythmic action po-
tentials at a rate optimal for coping with the metabolic needs of
the body. Dysfunctional behavior of this complex unit may
thus result in SAN rhythm disorders. Among these disorders,
there is the inappropriate sinus tachycardia (IST) which occurs
when an unjustified fast SAN rate is present.
Methods We here present a critical review of the role of pace-
maker f/HCN channels in cardiac rhythm generation andmod-
ulation and their involvement in IST.
Results Recent evidence demonstrates that a familial form of
IST is associated with a gain-of-function mutation in the
HCN4 pacemaker channel (R524Q) which confers an in-
creased sensitivity to the second messenger cAMP, a key me-
diator in sympathetic modulation.
Conclusions This finding is consistent with the general view
that hypersympathetic tone is one of the causes of IST and
introduces the novel concept of defective funny channel-
dependent tachyarrhythmias.

Keywords IST . Sick sinus syndrome . SANdysfunctions . If
current

1 Cardiac rhythm generation and modulation: SAN
cells and pacemaker activity

The human sinoatrial node (SAN) is a complex subepicardial
structure of the right atrium whose function is to generate an
electrical wave of excitation that spreads to the rest of the
myocardium following the orderly pathways of the cardiac
conduction system [1, 2]. The cellular and functional architec-
ture of the SAN includes a central part (primary pacemaker
cells), in close proximity to the sinoatrial artery, surrounded by
a peripheral region (secondary pacemaker cells) in connection
with the rest of the atrial myocardium [1]. While both primary
and secondary pacemaker cells are able to spontaneously fire
rhythmic action potentials, in physiological conditions cardiac
impulse originates from the center of the node. SAN cells
differ from contractile myocardial cells since they have a spin-
dle or spider shape [3], are generally small, and do not have
clear striations due to the poorly organized contractile
apparatus.

In addition to sharing these common features, primary and
secondary pacemaker cells also differ in some aspects; for
example, secondary pacemaker cells express the fast cardiac
Na+ current and have a larger pacemaker If current [2, 4–9]
than primary cells. When studied in in vitro conditions, isolat-
ed secondary pacemaker cells have a higher spontaneous rate
than primary cells, however, in vivo, the strong electrotonic
hyperpolarizing influence of surrounding atrial working
myocytes causes a slowing of peripheral cells’ automaticity
so that the leading pacemaker is the center of the node [9].
Peripheral SAN cells are therefore endowed with at least three
separate roles: (1) they protect primary nodal cells from the
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atrial influence; (2) they can become the leading pacemaker
site when central nodal cells fail to drive; (3) they are the first
route for impulse propagation. Impulse propagation outside
the node is indeed extremely important; according to
Dobrzynski et al. [1], Bthere are no discrete exit sites^ but
rather a preferential supero-inferior electrical propagation fa-
vored by the longitudinal organization of nodal myocytes.
Also relevant is the evidence that autonomic drive can shift
the site of impulse initiation, and a shift toward the inferior
portion of the node is prevalent under vagal activation [10,
11].

These anatomical and functional properties are of particular
significance in relation to the clinical evidence that critical
cases of symptomatic IST may require ablation procedures
most often involving the superior part of the SAN [12].

After over a century since the first description of the SAN
by Keith and Flack [13], we now have a convincing picture of
the electrical and molecular events governing its automaticity.
During diastole, at the end of an action potential, the plasma
membrane of a SAN cell slowly depolarizes until it reaches
the threshold for the firing of the next action potential; it is this
process that determines repetitive activity. Modulation of heart
rate operated by homeostatic feedback and feedforward sys-
tems (autonomic nervous control, hormones, etc.) can there-
fore be exerted simply by increasing or decreasing the slope of
the diastolic depolarization thus leading to tachycardic or
bradycardic rate control. Two main mechanisms, with differ-
ent modalities and degrees of involvement, are at work to tune
the timing of the pacemaker depolarization: the activation of
the If current [14–17] and the intervention of the electrogenic
contribution of the Na+/Ca2+ exchanger [18–20]. The If cur-
rent is an inward, depolarizing current which is activated at the
end of the action potential repolarization phase and therefore
represents the first molecular engine that provides the
depolarizing drive to initiate the diastolic depolarization. In
the second part of the diastolic depolarization, an additional
process further provides the final boost to complete the dia-
stolic depolarization; this process is caused by the cyclic re-
lease of Ca2+ ions from intracellular stores (Ca2+ sparks
events) which activates the intervention of the Na+/Ca2+ ex-
changer to extrude the excess of Ca2+ ions from the cell; since
the NCX mechanism is electrogenic (three Na+ ions are ex-
changed for one Ca2+ ion), it results in a net inward,
depolarizing current.

2 Clinical aspects of IST

Inappropriate sinus tachycardia (IST), a rare syndrome origi-
nally described some 20 years ago [21], includes a spectrum
of disorders of the pacemaker automaticity either due to the
intrinsic activity of the SAN and/or to impaired autonomic
modulation. In a recent consensus document of the American

College of Cardiology/American Heart Association Task
Force [22], IST has been defined as a form of unjustified sinus
tachycardia at rest, during minimal exertion, or during recov-
ery from exercise; in simple terms, IST occurs when an abso-
lute or a relative increase of heart rate, nonproportional to
physiological need, is present. The syndrome is more frequent
in young women but it has also been described in men and in
the elderly [23–25].

Major diagnostic criteria of the syndrome are as follows:

– P wave morphology and axes at the ECG identical to
sinus rhythm

– Resting heart rate>100 bpm
– Heart rate during daytime at 24 h ECG–Holter monitoring

exceeding 90 bpm (tachycardia can be persistent or
paroxysmal)

– Exceedingly large increase of heart rate due to minimal
physical or emotional stress or isoproterenol infusion

– Enhanced response to postural changes with 25–30 bpm
increase after assuming orthostatic position

In addition to these objective clinical signatures, IST pa-
tients often report the presence of more elusive and subjective
multisystemic symptoms such as palpitations, dyspnea, tired-
ness, exercise intolerance, cephalea, lipothymia, syncope,
chest pain, myalgia.

Anxiety and depression as well as psychiatric problems are
often identified and can be secondary to IST or, on the con-
trary, trigger it. In the first case, effective heart rate control
leads to their resolution.

To complete the diagnostic assessment, it is also mandatory
to rule out any physical and/or psychological trigger of appro-
priate sinus tachycardia including hyperthyroidism, anemia,
dehydration, pain, panic attacks, use of exogenous substances
(caffeine, tobacco, alcohol) and drugs of abuse, and β-blocker
withdrawal. Brain injury due to trauma can also cause central
appropriate sinus tachycardia.

Cases of persistent symptomatic tachycardia have been re-
ported after transcatheter radiofrequency ablation of supraven-
tricular arrhythmias, probably as a result of vagal nerve injury
[26–29] or after chest surgery. Structural heart diseases, such
as cardiomyopathies, must also be excluded since IST is not
associated with cardiac abnormalities. A normalization
of heart rate is often documented during sleeping hours: this
may protect against development of heart failure. Neverthe-
less, rare cases of cardiomyopathy secondary to sinus
tachycardia have been reported [30, 31]. Thorough collection
of medical history, complete blood tests, 12 leads
ECG and echocardiography are required to rule out these
conditions.

Since IST can be paroxysmal and associated with postural
changes, other forms of cardiac arrhythmias and postural or-
thostatic tachycardia syndrome (POTS) must be ruled out:
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(i) When a paroxysmal pattern is observed, supraventricular
tachycardias (SVT) such as atrial tachycardia, sinus node
re-entry, atrioventricular nodal re-entrant tachycardia, or
atrioventricular re-entrant tachycardia must be excluded.
Gradual onset and offset of palpitation help to distinguish
IST from other SVTwhich generally have an abrupt start
and interruption. ECG–Holter monitoring, event record-
er, and rarely, electrophysiological study can be used to
document different forms of arrhythmias.

(ii) When tachycardia occurs with postural changes, postural
orthostatic tachycardia syndrome (POTS) must be ex-
cluded since, in POTS, heart rate control worsens symp-
toms. POTS has been defined as an increase of heart rate
greater than 30 bpm or a heart rate reaching 120 bpm or
more within 10 min when the patient changes from the
supine to the upright position [32–34]; absence of
hypotention differentiates POTS from vasovagal synco-
pe. IST shares some common clinical manifestation with
POTS and a tilt table test can help to differentiate the two
conditions. With tilting, the increase in heart rate is near-
ly immediate in IST [35].

2.1 Therapeutic options

Management of IST in terms of controlling the symptoms
and reducing the heart rate is still a challenge, partly due to
the fact that the syndrome itself is not well defined and a
coherent view of the underlying mechanisms is still miss-
ing. Symptoms may persist in some cases even after heart
rate is under control. However, there is a general agree-
ment that an aggressive approach is often unnecessary
since the prognosis is prevalently benign. A list of poten-
tial therapeutic options is as follows:

– β-blockers and non-dihydropiridine calcium antagonists:
these substances have however been tested with subopti-
mal results since their cardiovascular side effects are often
worse than IST related symptoms;

– other treatments such as use of fludrocortisone, volume
expansion, pressure stockings, phenobarbital, clonidine,
psychiatric evaluation, erythropoietin have been sug-
gested, but may be harmful and have not been fully tested
and approved;

– exercise training as well as effective communication with
the patient may be of benefit [36];

– use of heart rate reducing agents such as ivabradine. This
selective inhibitor of the cardiac pacemaker If current has
provided better results since it allows to control rate in the
absence of undesired cardiovascular side effects. The use of
this drug in IST treatment has recently been approved (class
IIa) in the consensus document of the American College of
Cardiology/American Heart Association Task Force [22].

More clinical details concerning the use of ivabradine have
been recently overviewed by Martino et al. [37];

– invasive approaches such as transcatheter and surgical
ablation of sinus node have been attempted. It has been
demonstrated that the earliest activation site during sinus
tachycardia is the upper cranial portion of the sinus node.
During normal heart rate and during sinus bradycardia,
there is a physiological progressive shift of the earliest
activation site towards the lower portion of the sinus node
[12, 38]. Target of radiofrequency ablation is the modu-
lation of sinus node activity by destruction of its
endocardial/epicardial upper portion and by elimination
of its sympathetic input, performed in order to obtain
normal heart rate during β-adrenergic stimulation with
isoproterenol. Despite good acute successful rates, this
approach has long-term suboptimal results, high rate of
symptoms recurrence and potentially serious complica-
tions. These procedures can be considered only when
symptoms are clearly associated with sinus tachycardia
and all other therapies have failed [22, 38, 39].

For a more exhaustive discussion of these clinical aspects
we refer the readers to the recent review of Olshansky and
Sullian [38] and Salazar Adum and Arora [39] where general
guidelines to treat IST patients are provided. We agree with
this multidisciplinary and nonaggressive approach.

3 Molecular mechanisms of IST

Cardiac pacemaking rate is governed by the combined action
of two general mechanisms: the generation of a more or less
Brigid^ cardiac rhythm determined by the properties of the
intrinsic electrophysiological features of the SAN and the
modulatory actions exerted by both the autonomic nervous
system and hormones. According to this physiological con-
cept, the mechanisms leading to IST could therefore be broad-
ly classified as intrinsic (increased sinus node automaticity),
or extrinsic/modulatory (sympathovagal imbalance, increased
sympathetic receptor sensitivity, decreased parasympathetic
tone, and impaired neurohormonal modulation [38, 40–44].

In the next paragraphs, we will provide details of these
recent findings related to dysfunctional HCN4 channels, while
in this paragraph, we will briefly outline other mechanisms
that have been proposed to be associated with IST.

The Bmodulatory-based^ IST iswell illustrated by the finding
of Chiale et al. [44] who report the presence of immunoglobulin
G (IgG) β-receptor autoantibodies in a subset (52 %) of IST
patients. In this study, the authors also demonstrated that these
autoantibodies were able to stimulateβ-receptor-dependent pro-
duction of cAMP, a condition that mimics the sympathetic-
induced tachycardia. This finding, therefore, provides robust
evidence of the involvement of a specific molecular pathway.
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Several other studies have suggested additional mecha-
nisms associated with IST; however, in most cases, complete
characterization and identification of final dysfunctional mo-
lecular target still awaits further studies. Still et al. [42], for
example, report that adenosine administration failed to termi-
nate tachycardia in IST patients and to exert a modulatory
action on conduction velocity. These data thus suggest that
at some point the adenosine-mediated pathway is impaired
in IST patients. Although these authors suggest that a
channellopathy of the acetylcholine- and adenosine-activated
potassium channel (IKAch) is likely to be a potential under-
lying mechanism, this still remains a hypothesis.

With the exception of the increased intrinsic nodal automa-
ticity, all the other mechanisms are strictly linked to modula-
tory mechanisms, and their pathways may well converge to a
shared mechanism which is an increased cellular level of the
second messenger cAMP which is known to play a role in
mediating physiological tachycardia.

4 The If current

4.1 Sinoatrial f-channels

Following the discovery and the original description in 1979
of the Bfunny^ pacemaker If current in multicellular SAN
preparations using two-microelectrode voltage-clamp [45],
the first biophysical characterization of If was accomplished
by DiFrancesco in the early 1980s in Purkinje fibers [46, 47];
for historical perspective see [48].

The If current is a mixed Na+/K+ inward current slowly
activated upon hyperpolarization with half-activation voltages
in the range −60/−70 mV [3, 49]. The activation of the If
current during diastole generates the diastolic depolarization
characteristic of pacemaker cells and is therefore responsible
for rhythmic pacemaker activity (Fig. 1) [14].

The master electrical equation for isolated cells, derived
from the membrane equivalent according to which the cell
surface can be represented by an RC parallel, simply states
that the total transmembrane current, sum of the ionic and
capacitative components, is nil: Itotal = Iionic + Icapacitative = 0.
Since the capacitative current is proportional to the voltage
time derivative (Icapacitative= ‐CdV/dt),

CdV=dt ¼ −Iionic

it follows that the higher the amount of net inward current
flowing during diastole, the steeper will be the pacemaker
phase, hence the faster the cardiac rate. The same equivalence
also holds in the opposite direction, i.e., a smaller inward
current during diastole determines a shallower slope of dia-
stolic depolarization, hence a slower heart rate.

In agreement with this general rule, it has been shown that
one of the main mechanisms by which the autonomic system
controls cardiac rate is a cAMP-dependent shift of the f-
channel availability curve (Fig. 2) [50].

It is well-known that in SAN cells, sympatheticβ-adrenergic
stimuli increase and vagal muscarinic stimuli decrease intracel-
lular cAMP content. Since the original description of the funny
current and following a series of detailed investigations [3, 45,
50–54], it has been amply demonstrated that increased cAMP
levels shift the activation curve of the If current toward more
depolarized potentials, thus leading to greater current availabil-
ity at diastolic voltages, while a decrease of cAMP cell content
cause an opposite, hyperpolarizing shift and thus determines a
decrease of the If current flowing during diastole.

Several other cAMP-independent mechanisms also influ-
ence the If availability (phosphorylation [55, 56], interaction
with auxiliary subunits [57], or structural proteins [58],
phosphoinositides [59, 60], Src-mediated tyrosine phosphor-
ylation [61, 62]. Taken together, all these regulatory events act
in concert to fine-tune the current activation range and kinet-
ics, and thus set the amount of current that can be recruited at
appropriate times during cell activity.

4.2 Molecular composition of Bfunny^ channels

Molecular components of funny channels are the
hyperpolarization-activated cyclic nucleotide-gated (HCN) chan-
nels, first cloned in the late 1990s, of which four isoforms are
expressed in humans [63–65]. Cardiac sinoatrial funny channels
are mostly contributed by the HCN4 isoform although HCN1

Fig. 1 Electrical properties of the pacemaker If current. Left, top:
spontaneous action potentials recorded from a rabbit SAN cell. Dashed
lines indicate the voltage range (from −45 to −75 mV, in 10 mV steps)
comprising the diastolic depolarization (Bpacemaker^ voltage range).
Left, bottom: set of If current traces recorded during hyperpolarizing
steps to the voltages indicated (from a holding potential of −35 mV).
Right: the sigmoidal fitting to experimental data-points represents the
voltage-dependent availability curve of the If current, i.e., the fractional
amount of total membrane Bf^ channels activated at each voltage (left Y-
scale indicating the activation curve range 0 to 1). The approximately
straight line represents the fully activated IV curve (right Y-scale indicat-
ing the current density in pA/pF). The reversal potential lies between −10
and −20 mV indicating that the current has mixed Na+ and K+ nature
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and HCN2 isoforms are also present [66–68]. All HCN isoforms
are organized in a core membrane domain, (>80 % identity
among the four isoforms, [69] composed by six transmembrane
α helices typical of voltage-dependent ion channel and byN- and
C-termini cytoplasmic domains which confer to each isoform
structural and functional differences. The C-terminus comprises
both the structural cAMP-binding pocket (cyclic nucleotide bind-
ing domain, CNBD) and the C-linker, a short stretch of 81 amino
acids connecting the CNBD to the S6 transmembrane segment.
The C-linker is a critical region since it functionally couples the
bound-unbound state of the CNBD with channel gating.

In the heart, HCN-expressing cells endowed with nodal-
like automaticity can be found not only throughout the con-
duction system but also in an 8-shaped region of specialized
tissue region surrounding the atrioventricular valves [1] and in
the regions around the roots of the pulmonary arteries [1, 70].
The region of If-expressing cells of the pulmonary sleeves is a
known trigger of atrial fibrillation, which suggests a potential
arrhythmogenic contribution of If to atrial fibrillation [71–73].

5 Pathogenic aspects of If/HCN channels

Aparadigmatic approach to understanding the molecular basis
of a given pathological process is to focus the attention on its

genetic aspects. The inheritance feature of a disease of un-
known cause makes it possible to apply genetic tools to iden-
tify the gene/s associated with the disease. In some rare cases,
this search has provided evidence for single-gene diseases.
This concept is typically true for channellopathies, patholo-
gies caused by dysfunctional mutant channels [74], and cardi-
ac pacemaker channels represent a good example of this
concept.

5.1 HCN channel mutations and bradycardia

As discussed above, If current activation represents the main
mechanism in the generation of pacemaker activity in SAN
cells, as well as in cells of the conduction system able to pace
spontaneously such as atrioventricular and Purkinje cells [1,
46, 47, 75, 76].

Because of its basic physiological role, the funny current
has been a target of intense investigation carried out in recent
years in the search for possible disease-causing genetic alter-
ations of HCN isoforms in families affected by inheritable
primary alteration of rhythm generation.

A recent review by Verkerk and Wilders [77] reports 22
mutations or variants in HCN4 associated with clinically
established or potential sinus node dysfunction (Fig. 3). If,
however, variants reported in the literature in single patients
without a clear-cut association between genotype and pheno-
type are discarded, the number of sinus node dysfunction-
linked mutations is reduced to 13 according to DiFrancesco
[78] and Fig. (3d).

In the most part of cases, the dysfunctional HCN channels
primarily caused bradyarrhythmias, but additional rhythm dis-
turbances such as atrioventricular block, impaired
chronotropic response, sinus pauses, tachy–brady syndrome
were also observed.

Interestingly, until the recent evidence discussed be-
low (see point Section 5.2), all reported mutations were
loss-of-function, associated in other words with a de-
creased contribution to the overall inward current during
diastolic depolarization. In line with the role of If, this
is exactly what is expected in the presence of a slowing
of rate, as indeed reported for the majority of the mu-
tations above.

In vitro cellular investigation of the functional aspects of
these mutant channels have indeed confirmed that the
bradycardia is a direct consequence of a reduced If cur-
rent contribution to the diastolic depolarization. Addi-
tional pathological phenotypes non associated with
rhythm disturbances (such as mitral valve defects, atrial
fibrillation, left ventricular non compaction cardiomyop-
athy, atrioventricular block, etc.) have also been report-
ed in association with some of these HCN4 mutations
[6, 77, 78].

Fig. 2 Effects of sympathetic and cholinergic stimuli on SAN cell
activity.Top: spontaneous action potentials recorded in a SAN cell prior
to (black) and in the presence of β-adrenergic (red) or muscarinic (blue)
stimulation. The main effect of Isoprenaline (Iso 0.01 μM)/
Acethylcholine (ACh 0.003 μM) is to increase/decrease the slope of the
diastolic depolarization, hence cell spontaneous rate. Bottom: Voltage-
dependent availability curves of the pacemaker If current recorded in
control condition (Tyrode) and in the presence of β-adrenergic (Isopren-
aline 1 μM) or muscarinic (Acethylcoline 1 μM) stimuli. Iso shifts the
availability curve to the right so that at each voltage a larger fractional
amount of current is recruited; the opposite occurs in the presence of ACh
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5.2 HCN channel mutations and inappropriate sinus
tachycardia

The lack of evidence for gain-of-function mutations in HCN4,
potentially associated with higher than normal cardiac rate,
has prompted the search for tachyarrhythmia-linked HCN4
mutations.

A gene target analysis was therefore recently carried out on
patients affected by idiopathic IST to verify whether dysfunc-
tional pacemaker HCN4 channels could be involved in the
pathogenesis of the disease. As recently reported [79], this
search eventually succeeded in identifying an arginine-to-
glutamine (R524Q) mutation in five members of one Italian
family with IST (Fig. 3).

Family members carrying the R524Q mutations presented
with chronic or periodic conditions of symptomatic/
asymptomatic sinus tachycardia, frequent palpitations at rest
and/or during effort and anxiety, orthostatic intolerance
with syncope, reproducible dyspnea on effort, and
lightheadedness (Table 1).

All these symptoms are considered as main clinical signs
for IST diagnosis in the absence of other causative clinical
conditions such as structural heart disease, neuroendocrine
disorder, postural hypotension, fever, anemia, pregnancy,
and medications.

The molecular mechanism responsible for the presence in
R524Q mutation carriers of IST symptoms was investigated
by assessing the kinetics and modulatory features of the mu-
tant HCN4 current in in vitro heterologous expression exper-
iments. Wild type and R524Q mutant channels expressed in
HEK293 cultures exhibited a similar voltage dependence. A
remarkable difference was instead observed in the affinity of
the channel for the second messenger cAMP with a leftward

shift of the dose–response of mutant relative to wt channels
(Kd values of 1.67 μM for wt channel and 0.08μM for mutant
channels, Fig. 4). This increased cAMP affinity of pacemaker
channels represents the first reported case of a gain-of-
function HCN4 channel mutation which causes an increased
amount of pacemaker current flowing during diastole,
resulting in an increased basal spontaneous activity of pace-
maker cells associated with tachycardia.

The quantitative manifestation (i.e. phenotype) of these
gain-of-function mutant channels is strictly related to the cel-
lular level of cAMP: for example for very low concentrations
(lower than 1 nM) or very large concentrations (higher than
100 μM, see Fig. 4), WT and R524Q channels will behave
similarly. A critical aspect is therefore related to the large array
of metabolic and transductional factors that directly or indi-
rectly modulate the cAMP cellular content. This complexity
leads to the consideration that the increased cAMP affinity of
f-channel is an important but not exclusive condition for IST;
indeed, differences in the hormonal regulation or sympatho-
vagal balance among individuals or within the same individ-
ual in different times during the day-night cycle can result in
differences of cAMP cellular content and consequently to ab-
normal rate control.

In a recent review, Olshansky et al. ([38] state that
Bexplanatory mechanisms for IST …amount to a form of
dysautonomia an intrinsic sinus node problem or both^, but Ba
viable, consistent, unified mechanism has yet to be identified.^
In this respect, it is interesting to note that the mechanism un-
derlying the R524Q mutant channel gain-of-function behavior
illustrates how an intrinsic molecular dysfunction of the SAN
(i.e., a dysfunctional HCN4 channel) becomes phenotypically
relevant only in the presence of specific autonomic condition
such as catecholamine excess or hyper-sympathetic tone.

Fig. 3 HCN4 mutations associated with SAN dysfunctions. a Pedigree
of a family affected by IST. The presence of the R524Q mutation in
HCN4 is indicated by a black dot; all individuals carrying the mutation
also presented with inappropriate sinus tachycardia (red symbols); empty
symbols are genetically related individuals with wild type HCN4
channels. b, top: plot of heart rate from 08:00 to 21:00 obtained from a
Holter recording in the proband individual (arrow in panel a). b Bottom:
corresponding distribution of the RR intervals. Mean (±SD) heart rate

was 98.5 ± 14.2 bpm. c Representation of a single HCN4 subunit of a
human pacemaker f-channel. Each subunit is composed by 6
transmembrane domains, while the C- and N-termini are intracellular.
Also shown are dysfunctional mutations that have been identified in the
literature during genetic screening of patients. Patch-clamp investigations
have classified these mutations as loss-of-function (see [78]). Panels a
and b from Baruscotti et al. 2015 [79]; panel c modified from [80]
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Also, interesting is to note that Morillo et al. [43]
reported that in their study patients with IST displayed
both a higher sensitivity to β-adrenergic stimulation and

a higher intrinsic heart rate. This observation fits well
with the features of the HCN4 mediated mechanism we
have proposed above [79].

Table 1 Clinical history of the familial members shown in Fig. 1a. Table from [79]

Family member Mutation Year of birth Clinical profile

I-1 1956 No history of cardiac disease.

I-2 X 1958 Asymptomatic inappropriate sinus tachycardia at rest as verified in the course of several
years, with ECG mean rate values of 99.3 bpm and 100.0 bpm, from two separate
recordings at the age of 51, and of 103.3 bpm, recorded at the age of 56. The patient is
affected by anxiety and palpitations. Holter monitoring could not be obtained from this
patient.

II-1 X 1985 Sister of the proband. No structural cardiomyopathy but symptomatic for lightheadedness
and anxiety. ECG-Holter recording reveals inappropriate and rapid events of rate
acceleration to values up to 145 bpm in the presence of stimuli of different nature in the
framework of a mean daily rate at the upper limits of normal variability (85 bpm). This
behavior is more marked at wakeup, when sudden transitions from 45–50 bpm to 100–
135 bpm are documented, but alternates with periods of normal sinus rate throughout the
24 h Holter monitoring report with variable intensity and irrespective of physical activity.
At any time during day and night, sudden sinus accelerations lasting for a few minutes
appear which are independent of basal rate.

II-2 1980 No history of cardiac disease.

II-3 X 1980 Ergometric test at the age of 18 had revealed 1st degree AV block and right branch block.
Exempt from military service as a consequence of anomalous ECG and pathological
symptoms from Holter recording (anecdotal). At the age of 19, admitted to hospital for
syncopal episodes. Holter recording revealed sinus arrhythmia and phases of 2nd degree
AV block (Luciani-Wenckebach) with 2:1 conduction ratio and RRmax= 2600 ms. At
electrophysiological testing, basal AV Node dysfunction was resolved after
administration of atropine (basal Wenckebach cycle length, 750 ms; Wenckebach cycle
length in the presence of atropine, 400 ms); this indicates a vagotonic origin of the AV
blocks. He was proposed for pacemaker implantation which he first refused. At the age of
21 he was recovered for dyspnea and asthenia with symptomatic bradycardia (40 bpm)
and received pacemaker implantation which however has not been working until recently
because of battery exhaustion (the battery was not replaced due to noncompliance of the
patient). The subject is presently a semiprofessional soccer player and claims to feel better
during the training season then when in sedentary conditions. He presents unexpected
events of sinus rhythm acceleration at rest (resembling the warm-up transients typical of
automatic tachyarrhythmias) which are suddenly terminated by occurrence of
bradycardic phases potentially associated with vagal discharge.

II-4 X 1978 When adolescent, symptomatic for palpitation during exercise. Affected by asthenia,
migraine, and anxiety, unrelated to emotional stress. At 27, symptomatic for events of
rhythmic palpitation, with gradual onset, which occurred both at rest and during exercise,
limiting substantially the daily routine. The lady was treated with bisoprolol 1.25 mg od
before access to our department with partial improvement, but this therapy had to be
discontinued due to symptomatic hypotension. Later admitted to our center following
episodes of syncope during activity; tilt test revealed pre-syncope and palpitation
associated with tachycardia (183 bpm) without alteration of arterial pressure. During
exercise testing, appearance of pre-syncope at submaximal conditions (140 bpm rate).
From Holter recording, sinus tachycardia with bouts of high rates (up to 186 bpm) and
98.5 bpm mean daily rate. The patient was enrolled in a randomized double blind
placebo-controlled crossover trial with oral ivabradine, but withdrew from it before
completing the protocol.

III-1 X 2000 Asymptomatic, healthy young girl. Normal psychophysical development. Normal 12 leads
ECG at rest. At ECG-Holter monitoring mean heart rate was in the normal range for age
but we documented phases of asymptomatic sinus tachycardia unrelated to physical or
emotional stress. Heart rate during these episodes rising up to 139.5 bpm. These events
are similar to those documented in the other adult members of the family carrying the
R524Q mutation.

III-2 2002 No history of cardiac disease.

III-3 2013 No evidence of cardiac disease.

J Interv Card Electrophysiol (2016) 46:19–28 25



Although purely speculative, one could argue that any
nonphysiological increase of cAMP could in principle lead
to tachicardic condition by an excessive stimulation of
cAMP-sensitive HCN4 wild-type channels.

6 Conclusions

IST is a form of sinus arrhythmia associated with a large
spectrum of symptoms; although it is prevalently considered
a mild dysfunction, in some cases it can limit activities of daily
living and, if persistent, ablation procedures may be necessary.
Exhaustive reviews of the epidemiology and clinical features,
as well as diagnostic and therapeutic approaches of IST, have
been recently published [22–25, 37].

The pacing rhythm of the SAN results from the interplay
between the intrinsic automaticity of pacemaker cells and the
modulation of this Bcore^ rhythm exerted by the autonomic
and hormonal feedback and feedforward mechanisms. Any
pathological alteration of the intrinsic SAN cell electrical be-
havior and/or of the homeostatic control reflecting the meta-
bolic requirement of the body may therefore lead to SAN
dysfunctions.

The pacemaker If current represents a molecular mech-
anism which is both central to the generation of the in-
trinsic rhythm and the target of autonomic modulation.
The R524Q mutation of this channel found in a family
affected by IST represents the first genetic identification
of a molecular cause of IST. Single cell patch-clamp anal-
ysis shows that mutant channels have a higher-than-
normal response to cAMP leading to an enhanced,
hypersympathetic-like cell chronotropic action.
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