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HCN channels in the heart:
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Hyperpolarization-activated cation channels generate the If current in the heart. In the sino-atrial node (SAN), If is thought to
play an essential role in setting the heart rate and mediating its autonomic control. This review focuses on the role of If in
pacemaking and non-pacemaking cardiomyocytes and the resulting therapeutic implications. HCN4 represents the principal
isoform underlying sino-atrial If, but other isoforms may also be of importance. To examine the functional role of cardiac
channels, several mouse mutants, most of them targeting HCN4, have been generated by different groups. Unexpectedly,
these lines display greatly different and as yet unexplained phenotypes. We provide an overview about these HCN mutants
and suggest an interpretation of the functional significance of If in the SAN in light of these studies. HCN channels are also
present in ventricular myocytes, and an up-regulation of If in the hypertrophic and failing heart may contribute to
arrhythmogenesis. Inhibition of If by HCN channel blockers is a novel approach in the treatment of cardiac disorders, and
ivabradine is approved for treatment of stable angina pectoris. Remarkably, a recent clinical trial assessing this substance in
heart failure showed a significantly improved outcome. The mechanism underlying this beneficial effect is not yet clear and
might lie beyond heart rate slowing. Thus, the growing knowledge about cardiac HCN channels will undoubtedly promote
the development of the promising class of HCN channel blockers.

Abbreviations
AVN, atrioventricular node; ECG, electrocardiogram; HCN, hyperpolarization-activated cyclic nucleotide-gated cation
channel; MDP, maximal diastolic potential; SAN, sino-atrial node

Introduction
The class of hyperpolarization-activated cyclic nucleotide-
gated (HCN) cation channels contains four members termed
HCN1-4 (Ludwig et al., 1998, 1999; Santoro et al., 1998, 1999;
Ishii et al., 1999). All four isoforms generate a current with
characteristics typical for the conductance known as If or Ih.
Since this review deals with the role of cardiac HCN channels,

the long-established term If for the current in the heart will be
used. The subunits vary in their biophysical properties
including activation kinetics, voltage dependence of activa-
tion, modulation by low molecular weight factors like cAMP
and phosphatidylinositol 4,5-bisphosphate (PIP2) and phos-
phorylation by tyrosine kinases. For example, the activation
kinetic between HCN4 (the slowest) and HCN1 (the fastest
HCN channel) differs by more than one magnitude (t of
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HCN1: 30–300 ms, HCN4: 300 ms – several s). cAMP
enhances the activation kinetic and voltage dependence of
activation in an isoform-dependent manner. HCN2 and
HCN4 are strongly stimulated, whereas HCN1 is barely and
HCN3 is not modulated. These isoform-dependent differ-
ences are covered by excellent reviews (e.g. Robinson and
Siegelbaum, 2003; Frere et al., 2004; Siu et al., 2006; Biel et al.,
2009). The channels are sometimes called pacemaker chan-
nels, and If is accordingly dubbed as pacemaker current, since
the current is thought to play an essential role in setting the
heart rate and mediating its autonomic control, for example,
by b-adrenergic stimulation. The expression profile of the
channels has been studied in the different cardiac compart-
ments indicating a strong enrichment of the channels, most
prominently of HCN4, in the sino-atrial (and atrioventricu-
lar) node. Nevertheless, various data indicate that besides
HCN4, other HCN isoforms may be important for generating
native If in the primary pacemaker centre.

Whereas the identity of HCN subunits as If-mediating
channels is beyond dispute, the exact role of the channels in
the pacemaking mechanism is still controversial. Various
transgenic mouse models were generated to examine the
functional role of cardiac HCN channels. However, these
models demonstrated pronounced differences, and potential
reasons for these will be discussed.

The role of HCN channels/If in non-pacemaking cardi-
omyocytes is less well-defined. Several groups reported the
detection of If in ventricular myocytes and an increase of the
current in cardiac disease states like hypertrophy and heart
failure (Cerbai et al., 1997; Hoppe et al., 1998; Stilli et al.,
2001; Fernandez-Velasco et al., 2003; Stillitano et al., 2008). It
was repeatedly suggested that the augmented If promotes the
generation of ventricular arrhythmias under these pathologi-
cal conditions, for example, by favouring diastolic depolar-
izations in myopathic cells. This hypothesis has not been
verified yet, but direct evidence for the role of If in working
myocardial cells is emerging.

Inhibition of If is a novel approach in the treatment of
cardiac disorders based on the idea of producing a heart rate
reduction similar to b-blockers or calcium channel blockers.
Several HCN channel blockers including ZD7288, zatebra-
dine, cilobradine and ivabradine are available; these sub-
stances are also known as ‘specific bradycardic agents’ or
‘sinus node inhibitors’ (Bucchi et al., 2007). The first clinically
approved substance from this new class of drugs is ivabradine
which is licensed for treatment of stable angina pectoris when
b-blockers are not tolerated or display inadequate effective-
ness. Remarkably, a recent clinical trial showed a significant
beneficial effect of this substance in patients suffering from
heart failure (Boehm et al., 2010; Swedberg et al., 2010). The
underlying mechanism is controversial and may lie beyond
heart rate lowering as discussed below.

Expression of HCN channels in
the cardiac pacemaking and
conduction system

Interpretation of the partially conflicting results from the
various transgenic HCN mutants as well as therapeutic tar-

geting of the channels requires a firm knowledge about the
expression pattern of the HCN isoforms. Expression of HCN1,
HCN2 and HCN4 has been documented in the pacemaking
and conduction system. Undoubtedly, HCN4 constitutes the
predominant isoform in the sino-atrial node (SAN) at both
transcript and protein level (Ishii et al., 1999; Shi et al., 1999,
2000; Moosmang et al., 2001; Marionneau et al., 2005; Tellez
et al., 2006; Liu et al., 2007; Brioschi et al., 2009; Herrmann
et al., 2011b). HCN4 mRNA accounts for around 80% of HCN
transcripts in rabbit (Shi et al., 1999) and 60% in murine
(Herrmann et al., 2011b) SAN. This prevalent expression is in
accordance with data at the protein level. In all analysed
mammalian species (mouse, rat, rabbit, dog, human), a
strong expression of HCN4 in the SAN was observed by
Western blot and immunohistochemical analyses (Figure 1)
(Zicha et al., 2005; Liu et al., 2007; Herrmann et al., 2007b,
2011b; Brioschi et al., 2009; Chandler et al., 2009). In addi-
tion, all three principal cell types in isolated SAN cell prepa-
rations, namely spindle, elongated spindle and spider cells
(Verheijck et al., 1998), exhibit a clustered expression of
HCN4 protein at the plasma membrane (Figure 1). The speci-
ficity of this isoform for sino-atrial cells is high, since no
HCN4 protein was observed in the surrounding atrial tissue.
In addition, a line carrying a knock-in of an inducible Cre
recombinase into the endogenous HCN4 locus (HCN4-KiT
Cre) demonstrated that the HCN4 promoter is indeed selec-
tively active (Hoesl et al., 2008). These mice were crossed with
a conditional transgenic line expressing diphtheria toxin A to
create an animal model with controlled deletion of pacemak-
ing cells. In this sensitive genetic system, no HCN4 promoter
activity was detected in atrial or ventricular working myo-
cytes (Herrmann et al., 2011a). Taken together, HCN4 repre-
sents an excellent, unique and now widely used marker for
the detection of cardiac pacemaking cells. This is also true
during cardiac development. HCN4 was selectively detected
in those regions of the embryonic heart (caudal portion of
heart tube, afterwards junction of right atrial appendage with
superior vena cava), where pacemaker activity and SAN devel-
opment have been located (Garcia-Frigola et al., 2003; Stieber
et al., 2003).

There are conflicting reports regarding the expression of
other HCN isoforms in the SAN. Several publications reported
the presence of low levels of HCN2 transcripts and some, but
not all, described a higher expression in the SAN as compared
to atrial tissue (Shi et al., 1999; Moosmang et al., 2001; Mari-
onneau et al., 2005; Chandler et al., 2009; Herrmann et al.,
2011b). However, other groups, which analysed the same
species (mouse, rabbit) could not detect this isoform at the
protein level (Liu et al., 2007; Brioschi et al., 2009). A recent
study by the authors using HCN2-knockout mice as negative
control found a very low expression of this isoform in the
SAN, albeit some scattered cells in the periphery of the SAN
showed higher HCN2 levels (Herrmann et al., 2011b).

The available data for HCN1 are more divergent. A sub-
stantial level of HCN1 transcript in the SAN (~20–35% of total
HCN message) has been reported (Shi et al., 1999; Marion-
neau et al., 2005; Herrmann et al., 2011b). However, several
studies were unable to demonstrate a corresponding HCN1
protein expression (Liu et al., 2007; Brioschi et al., 2009; Bar-
uscotti et al., 2011). We evaluated this issue by developing a
sensitive immunostaining procedure and by using sections
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Figure 1
Regional and cellular expression of HCN channel proteins in the sino-atrial node. Left, sections through the SAN region of C57BL/6 mice stained
with antibodies directed against HCN1, HCN2 and HCN4 as indicated. * denotes significant HCN2 positive cells. Right, sino-atrial cells isolated
from C57BL/6 mice labelled with the HCN4 antibody. Representative examples of spider, spindle and elongated spindle cells are shown. SA,
sino-atrial node artery.
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from HCN1-deficient mice as rigorous negative control (Her-
rmann et al., 2011b). Unexpectedly, HCN1 showed an iden-
tical expression pattern as HCN4, that is, the isoform was
clearly present throughout the whole nodal area. At the cel-
lular level, immunostaining was restricted to the plasma
membrane of sino-atrial myocytes (Figure 1). Hence, mRNA
as well as new protein expression data suggests a significant
contribution of HCN1 to cardiac If.

The expression pattern of HCN proteins in the atrioven-
tricular node (AVN) is similar to the SAN (Herrmann et al.,
2011b). HCN2 is present in a small number of myocytes,
whereas both HCN1 and HCN4 are expressed in the whole
AVN. This expression profile changes somewhat in the lower
parts of the conduction system. In the Bundle of His, HCN4
is selectively expressed, whereas HCN1, HCN2 and HCN4 are
present in the bundle branches and Purkinje fibres.

Transgenic HCN mutants
HCN2 knockouts

Over the past years, several genetically engineered HCN
mutants were generated in different labs (Table 1). Various

targeting strategies were employed ranging from conven-
tional knockouts lacking an isoform in all tissues at any time
to single amino acid modifications in a temporally controlled
manner altering only defined current properties. We give an
overview about the murine HCN mutations and an interpre-
tation of the role of cardiac If in light of these studies. In the
first of these mutants, exon 2 and 3 of the HCN2 gene encod-
ing five of the six transmembrane segments including part of
the pore were deleted, the mutation results in a frameshift
(Ludwig et al., 2003). The cardiac phenotype was analysed in
global knockouts as well as in heart-specific mutants. Albeit
expression of HCN2 in the SAN is low, the knockout animals
displayed a reduction of If density by about 30% and a sig-
nificant slower activation kinetic of the current. In addition,
the maximal diastolic potential (MDP) of sino-atrial cells was
slightly (~5 mV) hyperpolarized as compared to controls. The
remaining current and its activation kinetics were increased
by cAMP and reached nearly the values of cAMP-stimulated
wild-type cells. The knockouts displayed a sinus dysrhythmia
which was present at rest and absent during phases of
enhanced activity, whereas other electrocardiogram (ECG)
parameters including basal and maximal heart rate were
normal.

Table 1
Murine transgenic HCN lines

Mutation Tissue specificity Promotor/transgene Inducible Cardiac phenotype Ref

HCN2 Global – No Sinus dysrhythmia at rest 1

Ex_2/3_fs Heart Myosin light chain
2a/MLC2aCre

HCN4 Global – No Embryonic lethal, bradycardia,
chronotropic incompetence

2

Ex_4 Heart Myosin light chain
2a/MLC2aCre

HCN4 Ubiquitous CMV enhancer &
b-actin/CAGGCre

tam Sinus pauses at rest & during
transition from high to basal rates

3

Ex_4

HCN4
Ex_4

Pacemaking &
conduction system

HCN4/HCN4-KiT Cre tam Sinus pauses at rest & during
transition from high to basal rates

4

HCN4 Global – No Homo: embryonic lethal, bradycardia,
chronotropic incompetence

5

R669Q
Hetero: sinus pauses

HCN4 Heart a-myosin heavy
chain/MerCreMer

tam Bradycardia, AV block, lethal 6

Ex_2_fs

HCN4 Heart a-myosin heavy
chain/MHCa-tTA

dox-wd Bradycardia 7

L573X

HCN3 Global – No QT prolongation 8

Ex_2_fs

The diagrams show schematically the structure of an HCN isoform, the parts highlighted in grey indicate the deleted segments in the mutants.
The red circle indicates the point mutation in the cyclic nucleotide binding domain, the triangle represents cAMP.
Ex, exon; fs, frameshift; tam, tamoxifen; dox-wd, doxycycline withdrawal; homo, homozygous; hetero, heterozygous.
Numbers in the last column indicate the following references: 1, Ludwig et al., 2003; 2, Stieber et al., 2003; 3, Herrmann et al., 2007b; 4,
Hoesl et al., 2008; 5, Harzheim et al., 2008; 6, Baruscotti et al., 2011; 7, Alig et al., 2009; 8, Fenske et al., 2011.
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The different HCN4 mutants

HCN4 is the predominant isoform in the cardiac pacemaker
system regardless of developmental stage or examined species
and several independent efforts were made to create HCN4
mutants. A first knockout was created by Cre-mediated exci-
sion of exon 4 which results in a non-functional construct
lacking the pore (Stieber et al., 2003). Global as well as
cardiac-restricted loss of HCN4 led to embryonic death
between embryonic days 10.5 and 11.5. At this stage of
cardiac development, control myocytes displayed a promi-
nent If which was strongly diminished (~90%) in knockouts.
The remaining current exhibited a much faster activation
kinetic and was probably driven by HCN1 (and HCN3). The
contraction rate of isolated knockout hearts was markedly
reduced by about 40%, and neither heart rate nor action
potential frequency could be increased by using isoproterenol
or cAMP.

Unexpectedly, another study showed that mice harbour-
ing only a point mutation in the cAMP-binding domain of
HCN4 also die in utero (Harzheim et al., 2008). This amino
acid exchange (R669Q) abolished cAMP-dependent modula-
tion but did not alter basal channel function. Mice carrying
the homozygous mutation died between embryonic days 11
and 12. Similar to global HCN4 knockouts, the homozygous
mutants displayed a significant slower heart rate which could
not be accelerated by pharmacological stimulation. If acti-
vated slower and the voltage dependence of activation was
significantly shifted to hyperpolarized potentials. These
changes were attributed to the presence of a relatively high
basal cAMP level in pacemaker cells.

To overcome the embryonic lethality, we and others gen-
erated temporally controlled deletions of HCN4. In our lab,
this was achieved by crossing floxed HCN4 with tamoxifen-
inducible CMV enhancer/chicken beta-actin-Cre animals.
This Cre transgene is ubiquitously expressed driven by a
strong promoter, and is strictly dependent on the presence of
tamoxifen. The approach led to a complete deletion of HCN4
in all SAN cells (Herrmann et al., 2007b). The ECG was char-
acterized by recurrent sinus pauses; the pauses were more
frequent and longer at lower heart rates and during the tran-
sition from high to basal frequencies. Remarkably, pauses
disappeared during periods of stimulated heart rates (by phar-
macological means or exercise). SAN cells showed a drastic
reduction of If density by about 75%, whereas the residual If

demonstrated a faster activation kinetic. Action potential
recordings showed that 90% of the isolated knockout pace-
maker cells did not fire spontaneously and displayed a hyper-
polarized MDP. Superfusion of cells with isoproterenol
rescued this cellular quiescent phenotype. However, the mice
showed neither signs of bradycardia nor any impairment in
heart rate regulation.

These unexpected results were largely corroborated by
two additional mouse studies. One report used floxed HCN4
animals mated with a tamoxifen-inducible Cre transgene
knocked into the endogenous HCN4 promoter itself (HCN4-
KiT Cre, Hoesl et al., 2008). The HCN4-KiT line allows a
temporally controlled deletion of genes exclusively in cells of
the cardiac pacemaking and conduction system. The func-
tionality of this line was demonstrated by complete deletion
of the HCN4 protein. This approach resulted in an analogous

phenotype characterized by sinus pauses and a strongly
reduced but significantly faster activating If. Similar observa-
tions were made in the report from Harzheim et al. (2008)
outlined above. Even though homozygous disruption of the
cAMP-binding site resulted in embryonic death, heterozy-
gous R669Q mutants developed normally. ECG recordings
revealed that these mutants showed more sinus pauses and
more sino-atrial blocks than controls.

Surprisingly, Baruscotti and colleagues described a com-
pletely different HCN4 knockout phenotype recently (Barus-
cotti et al., 2011). This group also used the Cre/loxP system to
achieve a heart-specific, tamoxifen-inducible deletion of
exon 2 of HCN4 encoding the distal part of the first and the
following three transmembrane segments. The deletion pro-
duced a frameshift followed by a premature stop after R262;
thus only the N-terminal part of HCN4 is translated. Expres-
sion of the Cre transgene used (MerCreMer) is controlled
by the cardiomyocyte-specific alpha-myosin heavy chain
(aMHC) promoter. Immunolabelling of tamoxifen-treated
double mutants displayed a robustly reduced but still detect-
able HCN4 signal in SAN slices as well as in single SAN cells.
Mutants developed very rapidly a deep bradycardia and died
within 8.5 days after the first tamoxifen injection. The pro-
gressively slower heart rate was accompanied by increased
prolongation of the PQ interval, which finally resulted in a
complete heart block shortly before death. Electrophysiologi-
cal measurements revealed a robust decline in sino-atrial If

density during the treatment procedure. However, neither
activation kinetic nor the response to isoproterenol was
changed in the residual If. Isoproterenol increased the heart
rate in controls and in tamoxifen-treated mutants by about
200 beats per minute, even though the mutants did not reach
the same maximal level.

An additional HCN4 mouse study was recently performed
by another group (Alig et al., 2009). Mice were generated with
a heart-specific and temporally controlled overexpression of a
mutated HCN4 (L573X) which abolishes the cAMP-
dependent regulation of HCN channels. The mutation was
originally described in a human patient with SAN dysfunc-
tion. A single base-pair deletion results in a c-terminal-
truncated channel lacking the cyclic nucleotide-binding
domain and causes cAMP insensitivity of heterologously
coexpressed wild-type HCN4 subunits in a dominant-
negative manner. Tissue (and time) specific overexpression of
the engineered HCN4 protein was controlled by the Tet-Off
expression system and the use of the cardiac-specific aMHC
promoter, which in this line directed transgene expression
predominantly to atrial myocytes including pacemaker cells.
The overexpression was temporally repressed by administra-
tion of doxycycline. If from mutant SAN cells exhibited
similar densities like controls but slower activation kinetics
and no response to isoproterenol. The voltage of half-
maximal activation was shifted by about -20 mV to hyper-
polarized potentials resulting in an If activation range beyond
physiologically relevant diastolic membrane potentials. SAN
cell automaticity was greatly affected by the transgene expres-
sion. Most pacemaker cells were arrhythmic and alternated
between spontaneous action potentials and subthreshold
membrane potential oscillations or were totally quiescent.
Administration of isoproterenol restored this cellular pheno-
type and induced an acceleration of pacemaking similar to
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that observed in control cells. However, the SAN cell pacing
values with or without isoproterenol were significantly slower
compared to that of controls. These observations made at the
single-cell level could be transferred to the whole animal. The
heart rate of binary transgenic mice was significantly slower
and did not reach maximal levels. The If blocker ivabradine
reduced heart rate in control mice but not in mutants indi-
cating that the contribution of If to SAN function was elimi-
nated by hHCN4-L573X transgene overexpression.

Potential explanations for the divergent
observations in the different adult
HCN4 mutants
It is astonishing that the deletion/mutation of one and the
same gene leads to fundamentally different results. Taking
together the five reports covering adult HCN4 mutations can
be classified roughly in two phenotype categories. The first
category includes mutants characterized by recurrent sinus
pauses (Herrmann et al., 2007b; Harzheim et al., 2008; Hoesl
et al., 2008), whereas mutants of the second category exhibit
a pronounced bradycardia (Alig et al., 2009; Baruscotti et al.,
2011). Considering that different HCN isoforms contribute to
sino-atrial If (see later) and that the isoforms possess different
kinetic properties, the deletion of one single isoform should
result in a change in the kinetics of the residual If. In fact, this
prediction was verified only in mutants of category 1 (and the
global HCN2 mutant) pointing to a selective deletion of only
one isoform in these lines. Mutants of category 2 showed
effects which could also be observed by administration of
(isoform-unspecific) HCN channel blockers. In the case of the
HCN4 mutant described by Alig et al. (2009), it is likely that
the dominant-negative effect of the mutated HCN4 protein
affects all HCN wild-type isoforms which are expressed in the
SAN. This assumption is supported by the fact that the
blocker ivabradine has no further impact on SAN automatic-
ity in these mutants. Thus, this study might reflect rather a
combined isoform-unspecific HCN repression than a selective
repression of HCN4 alone.

The consequences of the HCN4 deletion described by
Baruscotti et al. (2011) resemble those of the report from Alig
et al. (2009) outlined above. Moreover, this deletion did not
result in a kinetic shift of the remaining If (Baruscotti et al.,
2011). In fact, the mutation produced a reduction of sino-
atrial If mimicking an isoform-unspecific HCN block. Thus,
we speculate that besides HCN4, other HCN isoforms might
additionally be functionally affected in this line. We cannot
provide direct evidence for these considerations, but our
interpretation may provide a plausible explanation for the
differences found in the various mutants.

HCN1 and HCN3 mutants
The generation of HCN1 knockouts has been described
(Nolan et al., 2003, 2004). HCN1-deficient mice display a
neuronal phenotype with profound deficits in spatial
memory and motor learning. However, a cardiac phenotype
of this line has not been reported. Although the cardiac
expression of HCN3 channels was frequently questioned and
only low levels of HCN3 transcripts could be detected in
cardiac myocytes, a ventricular phenotype caused by global
deletion of HCN3 has very recently been described (Fenske

et al., 2011). The HCN3 locus was disrupted by excision of
exon 2. Epicardial myocytes of HCN3 knockouts displayed a
reduction of If density by about 30% and a shortening of
action potential duration caused by changes during the late
repolarization phase. ECG recordings displayed a slight pro-
longation of the QT interval combined with increased T-wave
amplitudes. These alterations were present only at low heart
rates. The authors postulated that ventricular If serves as a
depolarizing background current and as an antagonist of
K+-currents during the late repolarization phase. Loss of
HCN3 relieved this antagonistic activity and leads to a short-
ening of the ventricular action potential waveform.

Implications

Sino-atrial If and HCN
subunit composition
HCN4 represents the main sino-atrial subunit followed by a
distinct expression of HCN1, whereas HCN2 seems to be
expressed only at low levels. Direct evidence for a combined
contribution of different isoforms to sino-atrial If came from
the various knockout studies, where the loss of HCN4 and
also HCN2 caused a significant reduction of sino-atrial If

density by about 75% and 30%, respectively. The If reduction
in HCN2 knockouts seems astonishingly high compared to
the low expression level of this isoform. HCN channels exist
as tetramers, and the different isoforms have the ability to
co-assemble with each other. Thus, the deletion of HCN2
might result in reduced opportunities for co-assembling, and
this may result in a rather strong effect on the formation of
functional channels. A significant contribution of HCN1 to
sino-atrial If is also likely. This assumption is supported on the
one hand by the prominent expression of HCN1 in sino-atrial
tissue, and on the other hand by the fact that the combined
deletion of HCN2 and HCN4 did not result in a complete
sino-atrial If knockout (unpubl. data). Taken together, these
results point to a cooperation of all three HCN subunits
HCN4, HCN1 and HCN2 in the generation of the pacemaker
current in SAN cells.

cAMP modulation is mandatory for
the physiological function of
sino-atrial If
An unexpected finding was that cardiac HCN channels need
to be activated by cyclic nucleotides to fulfil their normal
physiological function. With a lack of any cAMP-mediated
stimulation, the channels exhibit activation and deactivation
characteristics beyond those physiologically observed in
pacemaker cells. This was demonstrated by the two cAMP-
insensitive mutants described earlier. The first of these muta-
tions (Harzheim et al., 2008) caused in embryonic as well as
in adult mice a very similar phenotype as observed in animals
with a total disruption of HCN4 (Herrmann et al., 2007b)
reflecting the necessity of cAMP to basal HCN4 channel func-
tion. The overexpression of the dominant-negative hHCN4-
573X protein in the second line (Alig et al., 2009) completely
abolished the contribution of If to SAN automaticity also
indicating the essential importance of cyclic nucleotide
binding for the function of the channels.
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The activity of HCN channels is directly modulated by
cAMP making them ideal candidates for transducing sympa-
thetic stimulation to accelerated pacing activity. However, all
available adult HCN mutants as well as wild types in the
presence of HCN channel blockers were able to increase their
heart rate upon pharmacological stimulation. This observa-
tion seems consequent if one considers that cAMP binding to
If channels might rather be an essential precondition for their
function under physiological conditions than a modulator of
their function. Hence, these data point to cellular mecha-
nisms besides If channels responsible for b-adrenergic heart
rate stimulation.

If channels serve as rhythm stabilizer and set
the basal rhythm
The knockout studies showed that the contribution of all
sino-atrial HCN isoforms is necessary to shield the pacemaker
potential from enhanced hyperpolarization and to guarantee
a stable heart rhythm. The lack of HCN4 (and with limita-
tions of HCN2) causes a higher propensity for pacemaker
rhythm disturbances as apparent by sinus pauses in the ECG.
Periods of low heart rates or an enhanced parasympathetic
tone increases the magnitude of these abnormalities; hence, a
fully functional If seems to be important under these vulner-
able conditions (Ludwig et al., 2003; Herrmann et al., 2007b;
Harzheim et al., 2008; Hoesl et al., 2008).

There are several indications for a considerable impact of
If channels on setting the basal heart rate. First, human muta-
tions in the HCN4 gene are linked to bradycardic conditions
(Schulze-Bahr et al., 2003; Milanesi et al., 2006). Second, If

channel blockers like ivabradine slow the heart rate in mice
and man (Ragueneau et al., 1998; Stieber et al., 2006). Third,
the transgenic overexpression of the truncated HCN4-573X
construct results in decreased cardiac rates (Alig et al., 2009).
Fourth, the heart-specific deletion of HCN4 described by Bar-
uscotti et al. (2011) also produces a deep bradycardia. These
studies might share a combined inhibition of several HCN
isoforms; either by the use of unselective HCN blockers or by
the use of a dominant-negative protein. As explained above,
the other studies which clearly resulted in the complete dele-
tion of a single HCN isoform show a destabilized cardiac
rhythm, but no signs of bradycardia. Therefore, it seems that
only the repression of all relevant HCN isoforms significantly
slows the diastolic depolarization and leads to slower heart
rates. These slower rates were present at rest and also during
exercise or pharmacological stimulation with the conse-
quence that reaching maximal heart rates is not possible
without If. In regard to the development of new HCN channel
blockers for cardiac use, an isoform-selective blocker which
specifically targets one isoform, for example, HCN4, has the
theoretical advantage of causing less side effects. However,
such a substance might be not effective enough; we suggest
that, instead, isoform-unselective blockers have the highest
therapeutic potential.

HCN channels in the ventricular
working myocardium

Expression of the channels in the working myocardium is
highly dependent on the developmental state and the pres-

ence of pathological conditions like cardiac hypertrophy or
failure. A pronounced If is observed in embryonic and neo-
natal ventricular myocytes which is strongly down-
regulated during postnatal development (Robinson et al.,
1997; Yasui et al., 2001). In the adult state, an obvious dif-
ference exists in the expression levels between pacemaking
and working myocardium, since the amount of HCN tran-
script in the ventricle is around one magnitude lower com-
pared to the SAN. Nevertheless, If can be detected in
ventricular myocytes from animals and humans (Cerbai
et al., 1996; Hoppe et al., 1998; Graf et al., 2001; Stillitano
et al., 2008). The predominant ventricular isoform is HCN2
representing between 75% and 90% of the total HCN
message; the remaining HCN transcript is mainly HCN4
(Shi et al., 1999; Marionneau et al., 2005; Stillitano et al.,
2008; Herrmann et al., 2011b). A very recent work found a
ventricular phenotype of an HCN3 null mutant (Fenske
et al., 2011, see earlier discussion) pointing to a functional
expression of this isoform, albeit only low levels of HCN3
mRNA have been detected so far.

A significant increase of ventricular If in a variety of
heart diseases including cardiac hypertrophy and failure
due to hypertension and ischaemic and dilated cardiomy-
opathy has been documented (Cerbai et al., 1997; Hoppe
et al., 1998; Stilli et al., 2001; Fernandez-Velasco et al., 2003;
Stillitano et al., 2008). These studies were performed by
using rats and samples from patients undergoing heart
transplantation. In addition, preliminary data from our
lab show that an up-regulation of ventricular If is also
present in mice with ventricular hypertrophy induced by
transverse aortic constriction. Based on these observations,
it has been suggested that an increase in the depolarizing
If current in working myocardium may contribute to the
generation of arrhythmias in cardiac disease (Cerbai and
Mugelli, 2006; Herrmann et al., 2007a). Recently, a large
clinical trial (Systolic Heart Failure Treatment with the If

Inhibitor Ivabradine Trial, SHIFT) demonstrated a beneficial
effect on heart failure patients, where addition of ivabrad-
ine to standard therapy significantly reduced the rates
of hospital admissions and cardiovascular death (Boehm
et al., 2010; Swedberg et al., 2010). It was proposed that this
remarkable effect was accounted for by the heart rate-
reducing properties of the drug, that is, by inhibition of If in
the SAN. However, this hypothesis was strongly questioned,
and suggested that the mechanism responsible for the
beneficial effect might well lie beyond heart rate lowering
(Teerlink, 2010). Among other mechanisms, it is possible
that the beneficial effect of ivabradine in cardiac failure is
related, at least in part, to the block of increased HCN
channel activity in ventricular myocytes. However, addi-
tional studies have to be performed before HCN channels in
the ventricular myocardium will be established as new drug
targets.
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