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Abstract: Hyperpolarization-activated, cyclic nucleotide-gated (HCN) channels, the molecular corre-
late of the hyperpolarization-activated current (If/Ih), are membrane proteins which play an important 
role in several physiological processes and various pathological conditions. In the Sino Atrial Node 
(SAN) HCN4 is the target of ivabradine, a bradycardic agent that is, at the moment, the only drug 
which specifically blocks If. Nevertheless, several other pharmacological agents have been shown to 
modulate HCN channels, a property that may contribute to their therapeutic activity and/or to their side effects. 

HCN channels are considered potential targets for developing drugs to treat several important pathologies, but a major is-
sue in this field is the discovery of isoform-selective compounds, owing to the wide distribution of these proteins into the 
central and peripheral nervous systems, heart and other peripheral tissues. This survey is focused on the compounds that 
have been shown, or have been designed, to interact with HCN channels and on their binding sites, with the aim to sum-
marize current knowledge and possibly to unveil useful information to design new potent and selective modulators. 

Keywords: HCN channels, Hyperpolarization-activated current, Ivabradine, Drug design, Selectivity, Atrial and Ventricular 
arrhythmia, Atrial fibrillation, Parkinson’s disease. 

1. INTRODUCTION 

Hyperpolarization-activated, cyclic nucleotide-gated 
(HCN) channels are a family of non-selective cation chan-
nels conducting sodium (and potassium) ions through the 
plasmalemma generating a current termed If (for “funny“ in 
the heart) or Ih or Iq (“queer” in neurons). The most peculiar 
feature of HCN/If, met with some skepticism in the early 
years after its description by Dario Di Francesco [1], is in-
deed the biophysical behavior, i.e., opening of the channel 
and flowing of a voltage- and time-dependent inward sodium 
current upon hyperpolarization. At that time, this tract unset-
tled the common belief based on well-known inward currents 
activating upon depolarization and, as for new challenging 
ideas, it took some time to be accepted by the scientific 
community [2]. The label “funny” current (If) is emblematic 
of its controversial initiation. Its functional role in cardiac 
and not-cardiac cells was even more debated and still stays 
so. Since its discovery in Purkinje fibers, If activation was 
associated to the presence of a diastolic depolarization phase 
in subsidiary and primary pacemaker cells [1-2]. While the 
role of other cation currents in setting the steepness of the 
diastolic phase has been increasingly recognized [3-4], the 
relevance of HCN as “sensor” of the autonomic control 
(thanks to its peculiar dependence on intracellular cAMP 
levels) is a fact [5]. 
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Today, our appreciation of the contribution of If not only 
to pacemaking but also to impulse propagation has greatly 
increased [6], also thanks to knock-out mouse models [7]. 
The discovery of the molecular correlate of If/Ih in the late 
‘90s gave impulse not only to the transgenic models, but also 
gained insights into channel tissue distribution beyond car-
diac cells, as well as trafficking, plasticity [8], and genotype-
phenotype correlation in human diseases [9]. Altogether, 
these studies ([10], also reviewed in papers quoted above) 
paved the way to new perspectives on HCN-based 
(dys)function, channelopathies, and possible therapies. The 
biology of the channel was also investigated by “evolution-
ary” and “ontogenetic” approaches proving the highly con-
served and ancestral origin of this channel [11-12], as well as 
its premature functional and molecular expression in embry-
onic stem cells [13-14]. 

Despite the high interest on these proteins, to date the 
therapeutic value of specific modulators has been demon-
strated only for cardiac pathologies. Indeed, the wide distri-
bution of HCN channels in different tissues and their in-
volvement in many physiological processes require the dis-
covery of selective substances, to prove that these channels 
can be exploited as drug targets and to design safe drugs.  

This survey is focused on the compounds that have been 
shown to affect Ih /If, starting from ivabradine (section 3), the 
only drug which specifically acts on HCN channels, with the 
aim to summarize current knowledge and to possibly unveil 
useful information to design new modulators. Therefore, 
some important aspects concerning structure, function, dis-
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tribution and therapeutic potential of HCN channels will 
only briefly reported; the reader is referred to other excellent 
reviews in this field that deal with these issues in details [6, 
8, 15-22].  

2. STRUCTURE, FUNCTION AND DISTRIBUTION  

Functional HCN channels result from the assembly of 
four alpha subunits. In all mammals studied so far, four 
genes coding for HCN subunits (1-4) have been cloned. All 
HCN monomers share the same fundamental structural 
scheme consisting of six alpha helices, the transmembrane 
domain, and two cytosolic domains at the NH and COOH 
termini [23]. The elements conferring ion selectivity and 
voltage sensitivity are located in the transmembrane core and 
show a remarkable degree of sequence homology (80-90%) 
within members of the HCN family [24]. Conversely, the 
NH and COOH termini largely vary in length and amino 
acidic composition. The COOH terminus harbors the Cyclic 
Nucleotide Binding Doman (CNBD), which is critical for the 
modulation by cyclic nucleotides [25-26]. 

Tissue and Cellular Expression Pattern of HCN Chan-
nels 

The expression pattern of HCN channels has been stud-
ied in several species, both at the tissue and single-cell level. 
HCN subunits are strongly expressed in the Central and Pe-
ripheral Nervous System (CNS, PNS), with subunit-specific 
pattern [27-32]. In the CNS, HCN1 is highly expressed in the 
neocortex, hyppocampus, cerebellar cortex, brainstem and 
spinal cord. HCN2 is nearly ubiquitous across the CNS but 
especially abundant in thalamic and brainstem nuclei. Con-
versely, HCN4 is expressed strongly but in a limited number 
of areas such as the olfactory bulb and the thalamus, with a 
distribution pattern that appears complementary to that of 
HCN1. The expression of HCN3 is scattered throughout the 
brain and modest. All isoforms, except HCN3, are present in 
the retina [33]. In the PNS, all HCN subunits are expressed. 
HCN1 is the most abundant in dorsal root ganglia [34] al-
though a prominent function of HCN2 in the transmission of 
painful stimuli has also been reported [19]. The expression 
of HCN channels has been found also in enteric neurons [35-
36], and in the spiral [37] and trigeminal ganglion neurons 
[38].  

In the heart, all the four isoforms have been detected, dif-
ferently expressed according to the cardiac region. The 
amount of HCN channels is maximal in the sinoatrial node 
(SAN) region and in the conduction system (atrioventricular 
node and Purkinje fibers) and lower in the atria and ventri-
cles. There is evidence that expression may vary also across 
species ([15, 22] and references therein). HCN4 is the main 
isoform in the SAN of humans, rabbits, mice and dogs, 
where also HCN1 (in rabbits), and HCN2 (in humans and 
mice) are substantially expressed [6, 15, 39-40]. In humans 
and rabbits HCN4 is the main isoform also in atrioventricu-
lar node and Purkinje fibers [15, 41], while HCN2 and 
HCN4 are the most abundant isoforms in most mammalian 
atria and ventricles [40, 42-43], which also display a minor 
presence of HCN1. HCN3 is expressed at low level all over 
the cardiac regions.  

There is also evidence for the expression of HCN chan-
nels in cells outside of the NS and heart [44], such as kidney 
[45-46], pancreas [47] and bladder [48]. Outside of nervous 
and cardiac tissue, however, the physiological function of 
HCN channels is poorly understood. 

Biophysical Properties and Modulation of Functional 
HCN Channels 

HCN channels are voltage-dependent channels activated 
at potentials near or below average maximum diastolic or 
resting potential of excitable cells (-40/-70 depending on 
tissue and cells). In the cell membrane, HCN channels may 
form homo-tetramers with distinct activation kinetics, volt-
age dependence, and modulation by adenosine-3',5'-cyclic 
monophosphate (cAMP). In transfected cells, half activation 
voltage (V1/2) ranges from -70 mV for HCN1 to -100 mV for 
HCN4, with HCN2 and HCN3 lying in between, although 
these values slightly vary according to the cellular model and 
recording conditions [15].  

Gating kinetics is also voltage dependent; the activation 
time constant (tau) is inversely related to the magnitude of 
the hyperpolarization. Moreover, values of tau are subunit 
specific, with HCN1 being the fastest (25 ms), HCN4 the 
slowest (hundreds of ms), HCN 2 and 3 positioned in be-
tween [49]. In vivo, different HCN subunits may form het-
ero-tetramers and interact with ancillary proteins, thus result-
ing in the generation of cell-type specific functional protein 
complexes with unique biophysical properties [50-52]. Rela-
tive permeability to sodium and potassium is 1:3/1:5, which 
leads to a calculated reversal potential between -25 and -40 
mV [53]. However, due to the negative range of V1/2, HCN 
channels generate mainly a sodium current. HCN channels 
also have a modest calcium permeability (~0.5% of total 
current [54]) whose physiological significance has yet to be 
determined [15]. A host of ionic species, organic molecules 
as well as proteins also modulates HCN channels. The regu-
latory mechanism that probably better defines HCN channels 
is the direct sensitivity to cyclic nucleotides, cAMP in par-
ticular [26, 55-57]. This mechanism is harbored in the intra-
cellular, COOH terminal CNBD domain. As a rule, binding 
of cAMP to the CNBD leads to a large (up to 20 mV) posi-
tive shift of activation curve and acceleration of activation 
tau. Once again, HCN subunits differ in this respect, as sen-
sitivity to cAMP is highest in HCN2 and 4, weak in HCN1 
and absent in HCN3 [15]. In addition, HCN channels are 
sensitive to intracellular pH [58], and are modulated by the 
interaction with a variety of organic molecules and proteins, 
such as membrane acidic lipids [59-60], caveolin 3 [61], 
MiRP1 [62-64], filamin A [65], Thy1 [66], Nedd4-2 [67] and 
the brain-specific auxiliary protein TRIP8b (tetratricopeptide 
repeat-containing Rab8b-interacting protein), reported to 
potently control HCN1 surface expression and subcellular 
distribution [68-69]. Each of these ancillary subunits are part 
of a cell/tissue specific modulatory network that interacts 
with HCN hetero-tetramers and, in addition to the distinct 
biophysical properties of HCN isofoms, contributes to widen 
the diversity of HCN-mediated current described in vivo. 
Phosphorylation by src tyrosine kynases [70], p38-MAPK 
serine/threonine kynases [71], PKC [72] and phosphatidyli-
nositol-4,5-bisphosphate kinase [73] have been reported to 
diversely affect HCN channel function, independently of 
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cAMP levels. More information on modulatory factors and 
interacting proteins that affect HCN channel properties can 
be found in [21, 74]. 

Functional Role of HCN Channels in Nervous and Car-
diac Tissue 

An extensive literature has accumulated over the past 
thirty years on the physiological role of HCN channels in 
nerve cells (for a recent comprehensive review see ref [21]). 
Here, we will briefly overview overall significance of HCN 
channels in neuronal and cardiac physiology and then focus 
on selected functions of greater relevance for the purpose of 
this review.  

The impact of HCN channels on neuronal overall excit-
ability is largely determined by two fundamental properties: 
1) tonic activation at near-rest potentials and 2) an inversion 
potential lying at the low end of the activation curve. The 
first property depends on the activation curve of HCN chan-
nels and results in a tonic inward (mainly sodium) depolariz-
ing current which maintains the membrane potential close to 
firing threshold. The second property results from the per-
meability to sodium and potassium and determines the effect 
of HCN opening and closing in response to perturbations of 
membrane potentials. HCN channels open (and depolarize) 
following hyperpolarization and vice-versa. By virtue of 
these two fundamental properties, HCN channels serve as 
feedback mechanism constantly opposing both negative and 
positive fluctuations of membrane potential (reviewed in refs 
[21, 75-76]). HCN basic properties result in a spectrum of 
diverse functions according to host cell type, expressed iso-
form and subcellular distribution. Somatic HCN channels 
control the intrinsic excitability and rythmogenesis in vari-
ous neuronal types. In thalamic neurons, the activation state 
of HCN channels determines the activity pattern associate to 
circadian rhythm [77]. Ih current mediated by somatic HCN 
channels serves as a high-pass filter shaping the voltage re-
sponse ("resonance") to rhythmic oscillation in cortical [78-
79] and subcortical neurons [80]. Functional HCN channels 
have been found in distal dendrites of several neuronal popu-
lations. In dendritic compartments, active HCN channels 
reduce input resistance and accelerate the decay phase of 
Excitatory Post-Synaptic Potentials (EPSP), thereby limiting 
the amplitude and duration of single EPSPs and dampening 
temporal summation of EPSP trains in cortical [76, 81], tha-
lamic [82] and midbrain dopaminergic neurons [83]. Fur-
thermore, thanks to an increasing soma-to-dendrite expres-
sion gradient found in CA1 hippocampal and cortical neu-
rons, HCN channels normalize the duration of EPSPs origi-
nating at different distances from the soma, thus preventing 
loss of information [84-85]. 

Finally, HCN-mediated current has been reported to con-
trol synaptic efficacy with a presynaptic mechanism in many 
neurons. However, the role of HCN channels in this function 
is not univocal, as HCN channel blockade can either inhibit 
or facilitate neurotransmitter release depending on neuron 
type and location [21]. 

In the PNS, HCN (1 and 2) channels have been impli-
cated in the intrinsic excitability of primary sensory neurons 
in Dorsal Root Ganglia (DRG) [19, 86]. 

In the heart, HCN channels are essential for normal heart 
impulse generation and conduction. In SAN cells they con-
tribute to form a coordinated system with ryanodine recep-
tors that drives spontaneous electrical activity [5, 87]. At 
maximum diastolic potentials (-70/-40 mV depending on 
SAN region) a substantial fraction of HCN channels are 
open and provides a steady-state inward current that slowly 
depolarize membrane during the diastolic phase toward the 
threshold required to generate a spontaneous action potential 
[56, 88-89]. In the atrioventricular node, although the func-
tion of HCN channels is less investigated, HCN channels 
have also been demonstrated to sustain generation of sponta-
neous electrical activity and conduction of stimuli from atria 
to ventricles [90-92]. The essential role of HCN channels in 
cardiac pacemaker centers has been further clarified in dif-
ferent transgenic models of cardiac deletion of HCN4. Con-
stitutive deletion leads to mice embryonic lethality [89], 
whereas inducible deletion induces a fast and progressive 
bradycardia followed by atrioventricular block, cardiac ar-
rest, and death [7].  

The physiological role of HCN channels in the working 
healthy myocardium is still a matter of ongoing investiga-
tion. HCN mediated current in human atrial and ventricular 
cardiomyocytes is qualitatively similar to that retrieved in 
SAN cells, however its role is supposed to diverge since 
healthy atrial and ventricular cardiomyocytes have a stable 
resting membrane potential and do not generate spontaneous 
electrical activity. Indeed, at atrial and ventricular resting 
membrane potentials (-80/-70 mV) a small fraction of HCN 
channels are open, suggesting a minor contribution of HCN 
to resting potential and electrogenesis. Nonetheless, a clear-
cut diastolic depolarization phase is observed in some human 
healthy atrial and ventricular myocytes (reviewed in [93]), 
raising questions on the local physiologic or pathologic con-
ditions that may uncover a functional role of HCN channels 
in cardiomyocyte electrogenesis. Recently, using a HCN3-
deficient mouse model, Fenske et al. hypothesized that 
HCN3 channels may contribute cardiomyocyte repolariza-
tion [94-95]. Such a mechanism relies on HCN3 slow-
deactivation kinetic that leaves channels open during the 
course of action potential, and counterbalances repolarizing 
currents flowing during repolarization. 

3. IVABRADINE  

Ivabradine (Fig. 1), developed by Servier, is the only 
drug on the market which specifically acts on HCN channels. 
It has been approved by the European Medical Agency in 
2005 for the treatment of stable angina, and by the Food and 
Drug Administration (FDA) in 2015 to reduce hospitaliza-
tion from worsening heart failure [96]; the drug is sold under 
different names, among which Procoralan, Corlentor and 
Corlanor. In this section only the interaction of ivabradine 
with ion channels is considered; its therapeutic applications 
is outlined in section 8, while the outcomes of clinical trials 
have been already extensively reviewed (see, for instance 
refs [6, 97-98]). 

Ivabradine selectively inhibits If in rabbit SAN and in re-
combinant systems expressing hHCN4 in a use-dependent 
way, with IC50 in the micromolar range (Table 1), by inter-
acting with the channels from the intracellular side [99-101] 
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(for the structure of the binding site see section 7). The 
blockade of HCN4 by the drug require open channels, while 
on HCN1 the drug is a closed-channel blocker [101]. 

Fig. (1). Ivabradine. 
 
The absolute configuration of the stereogenic center of 

Ivabradine is S; no enantioselectivity has been found for the 
HCN blocking property, but the negligible activity on K+-
currents of the S form, compared to that of its R-enantiomer, 
and also of zatebradine and cilobradine [99, 102-103], con-
fers to this compound a safer pharmacological profile. As a 
matter of fact, Ivabradine is reported to be fairly selective for 
HCN channels compared to other ion channels. Delpon et al. 
found that the hKv1.5 was blocked by the drug in a concen-
tration-dependent way with IC50 29.0 ± 1.9 μM, therefore at 
doses higher than those required to block HCN channels 
[103]. On rabbit SAN, Bois et al. [99] found that 10μM 
ivabradine had no detectable effect on T-type calcium cur-
rent, while the drug (3 μM) produced a slight decreased 
(<20%) of L-type calcium current. On guinea-pig isolated 
cardiac preparations, Peres et al. found that ivabradine inhib-
ited INa only at doses higher than those reducing heart rate 
[104]. More recently, Koncz et al. found that 10μM ivabrad-
ine did not affect the transient outward (Ito) and the inward 
rectifier (IK1) potassium currents in rabbit and dog ventricular 
myocytes, while it inhibited the rapid delayed rectifier (IKr) 
current in rabbit ventricular myocytes with an estimated IC50 
value of 3.5 μM [105].  

As far as selectivity among HCN channel isoforms, Stie-
ber et al. found that ivabradine, as well as its close structural 
analogues cilobradine and zatebradine (see next section), is 

not selective for the HCN4 isoform, since it blocks the four 
isoforms with similar potency (Table 1) [106]. This lack of 
selectivity is probably the reason for one of the major ad-
verse reactions of ivabradine administration at clinical dose, 
i.e. vision alterations (phosphenes): this effect has been re-
lated to the blockade of the neuronal HCN1 isoform in the 
retina, which occurs concurrently with that of HCN4 in 
SAN. Apart from this, other side effects due to the interac-
tion with the HCN channels expressed in tissues other than 
heart have not been described. It is reported that ivabradine 
does not to cross the blood-brain barrier [107-108], and 
therefore it should not affect Ih in brain although its antisei-
zure activity in an animal models of epilepsy has been re-
ported [109]. Nevertheless, the lack of selectivity may raise 
concern on its use. 

A strategy to limit the occurrence of adverse reactions is 
to identify novel compounds able to block selectively single 
HCN channel isoforms, which are most abundant or which 
show the most relevant function in the target tissue.  

4. DRUG DESIGN PROJECTS  

Intensive work has been made in the past on the “specific 
bradycardic agents”; unfortunately, the medicinal chemistry 
supporting them has been only partially described. In this 
section, we summarize the information found in the literature 
on drug design projects, which lead to the compounds re-
ported in Figs. (2-4). It must be remembered that the most 
part of these studies have been performed before the cloning 
of HCN isoforms; therefore, they provide little useful infor-
mation to design selective compounds.  

The first drug discovery programs date back to 1980s, 
when the specific bradycardic agents have been discovered; 
the history of these compounds has been reviewed in ref 
[110]. These compounds can be divided in three different 
groups (imidazolines, aminopyrimidines and phenylalky-
lamines) according to their chemical structure (Fig. 2). Imi-
dazolines, such as alinidine, are structural analogues of 

Fig. (2). Specific bradycardic agents. 
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clonidine, but, at variance with the latter, have a substituent 
on the exocyclic nitrogen atom. Staehle et al. reported the 
bradycardic activity of a series of analogues with general 
formula I, measured in vivo in spinal rats [111]; these results 
can be related to the interaction with the HCN4 isoform in 
the SAN, although in these conditions heart rate may be af-
fected by several mechanisms, excluding those mediated by 
the CNS. It was found that a double substitution with halo-
gen in the ortho positions of the phenyl ring was optimal, 
with R1 being bromine and R2 being bromine or chlorine, 
suggesting that in the bioactive conformation the guanidine 
moiety and the aromatic ring should not be coplanar. The 
substituent on the exocyclic nitrogen atom (R3) may contain 
2-5 carbon atoms; a double bond, as in alinidine, was not 
essential, and a productive substituent was the cyclopro-
pylmethyl group. Opening the nitrogen-containing ring, or 
increasing its size, was detrimental for activity. An alkyl 
group (R4) only on the endocyclic guanidine nitrogen atoms 
(R3 = H), gave inactive compounds; however, derivative 
TH92:20 was four times more potent that alinidine in lower-
ing heart rate [112]. Results of in vivo experiments are a 
combination of pharmacokinetic and pharmacodynamic 
properties, which makes difficult to derive sound structure-
activity relationships; for this reason, physicochemical prop-
erties (pKa and logD7.4) were also taken into account [112]. 
The development of alinidine (ST-567) was stopped due to 
the many side effects of the compound, which were ascribed 
to the interaction with L-type Ca2+ channels and K+ channels, 
and to the metabolic transformation leading to clonidine 
[110, 113]. 

ZD7288 is a piridinium derivative, widely used as phar-
macological tool to study HCN channels. Differently to 
alinidine, ZD7288 has no significant effect on the delayed 
rectifier current (IK) [114]; however, it has been reported to 
block T-type calcium channels in rat hippocampal pyramidal 
cells [115]. In rat DRG neurons it blocks Na+ currents with a 
potency (IC50 1.17μM) higher than that on hyperpolarization-
activated current (IC50 15 μM) [116], raising questions on the 
selectivity of this compound for HCN channels. ZD7288 
analogues have been reported only in a patent [117], with no 
indication of their bradycardic potency. 

In the early nineties researchers at Boeringher described 
a series of phenylalkylamines, designed from verapamil with 
the aim of improving its negative chronotropic activity and 
suppress the other hemodynamic effects [118-119]. The suc-
cessful modification was the replacement of the α-isopropyl-
dimethoxyphenylacetonitrile group with various benzolac-
tams rings, leading to the benzopyrrolidone falipamil (Fig. 1) 
and then, by increasing the size of the lactam ring, to the 
benzazepinone zatebradine. Several other analogues were 
synthesized and tested in vivo for their effect on heart rate by 
injection of a fixed dose (5 mg/kg i.v.) in anesthetized rats; 
this allowed to derive structure-activity relationships for the 
bradycardic activity, which can be useful, even if partially, to 
understand the interaction with HCN channels. On the ben-
zazepinone ring, the best substitution (Fig. 1, R1, general 
formula II) was achieved with electron-donating groups (i.e. 
methoxy) in position 8 or in 7,8. Shortening, lengthening or 
branching the three-methylene chain, or adding a hydroxy 
group (R2) was detrimental for activity. R3 could be H or an 
alkyl group not longer than n-propyl; the nitrogen atom 

needs to be basic. Shortening the chain (Y) connecting the 
nitrogen atom to the second aromatic ring was detrimental, 
while the elongation up to five atoms and the insertion of a 
heteroatom to link the aromatic ring were well tolerated. 
This ring could carry a substituent in position 4 (R4) with 
both electron-donating and electron-withdrawing group, 
avoiding hydrophilic moieties such as hydroxy groups; or-
tho-substitution was detrimental for activity. Substitution 
with more than one methoxy group was productive in posi-
tion 3,4, but not in 3,4,5. Replacement of the phenyl ring by 
heteroaromatic moieties such as thiophene or benzofuran 
also gave potent compounds. From this large number of de-
rivatives, zatebradine was selected as drug candidate. It is 
remarkable that the simple replacement of the α-(3,4-
dimethoxyphenyl)-α-isopropylacetonitrile group of verapa-
mil with a 7,8-dimethoxy-benzazepin-3-one moiety can shift, 
even if not completely, the interaction from calcium chan-
nels to HCN channels [120]. 

Although the outcome of the modifications on the three-
methylene chain were suggesting that this part of the mole-
cule could not be modified, the same company disclosed 
another compound, cilobradine (DK-AH269), where the 
flexible chain and the basic nitrogen have been incorporated 
into a piperidine ring [121]. This modification introduced a 
stereogenic center into the molecule; cilobradine, the S enan-
tiomer, has been tested in several experimental models, 
while the R enantiomer (DK-AH268) has been characterized 
on rat trigeminal ganglion neurons [38]. Cilobradine also 
entered clinical trials [122-123], but its development, as well 
as that of zatebradine, was discontinued.  
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Fig. (3). Phenylalkylamines developed at Yamanouchi. 
 
In a series of papers published between 2003 and 2004 

researchers at Yamanouchi described the discovery and op-
timization of a series of compounds ultimately yielding 
YM758 (Fig. 3) as drug candidate [124-128]. The screening 
of analogues has been made in vitro by measuring the de-
crease in heart rate on spontaneously-beating guinea-pig 
right atria, and in vivo by comparing the negative chro-
notropic activity and reduction of blood pressure in anesthe-
tized rats. Starting from the known structure-activity rela-
tionships of zatebradine, 2-(1-benzylpiperidin-3-yl)-1,2,3,4-
tetrahydroisoquinoline 1 was identified as suitable lead com-
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pound for structural optimization. To this aim, the basicity of 
the tetrahydroisoquinoline nitrogen atom was reduced by 
adding a carbonyl group, the basic piperidinyl nitrogen atom 
and the aromatic ring of the benzyl moiety were spaced away 
by elongating the chain and by introducing another amide 
moiety, and the substitution on both aromatic rings was 
suitably modulated, yielding YM758. YM758 is reported to 
be an If blocker, but its If blocking activity has never been 
described; only papers dealing with its pharmacokinetic have 
been published [129-131]. The development of this com-
pound was discontinued, probably due to pharmacokinetic 
problems. Interestingly, in this series of compounds the If 
blocking properties have been reported only for 2 (Fig. 3), 
for which a submicromolar IC50 (0.32 μM) has been deter-
mined on guinea pig SAN [126]. 

The design leading to ivabradine, the rigid analogue of 
zatebradine obtained by constraining the phenylethyl moiety 
into a bicyclo[4.2.0]octa-1,3,5-triene structure, has not been 
disclosed. However, in a recent patent [132] some analogues 
have been described, characterized by the shifting of the car-
bonyl amide moiety from the lactam ring to the exocyclic 
chain (Fig. 2, general formula III). Activity has been deter-
mined by measuring the reduction of heart rate in rat sponta-
neously-beating right atria, and the IC30 values are provided 
for some compounds. Since ivabradine is fairly selective for 
HCN compared to other ion channels (see section 3), we can 
take the activity of these close structural analogues as a 
measure of the interaction of the compounds with the HCN4 
isoform of the SAN. Under similar conditions, the IC30 of 
ivabradine varies from 0.19 μM to 0.28 μM [133], which 
suggests that the new analogues, whose IC30 values ranging 
between 0.4 μM and 2.0 μM, are less potent than the lead 
compound. Among the reported modifications, the best re-
sults are associated with R1 being a cyclopropylmethyl or 
cyclobutylmethyl group (R2, R3 = MeO, general formula III), 
and R2 or R3 being N-methyl-carbamate or N,N-dimethyl-
carbamate (R1 = Me). 

Other zatebradine analogues have been disclosed in 2005 
at University of Florence (Fig. 4). Taking advantage of a 
long-lasting research on verapamil derivatives, aimed to 

change the pharmacological profile of the lead (see [134] and 
references therein), the authors introduced on zatebradine’s 
structure the same modifications which, on verapamil in-
creased the negative chronotropic activity with respect to the 
other pharmacological properties (negative inotropism, 
smooth muscle relaxation, reversal of Multidrug Resistance). 
Structural changes were mainly done on the phenylethy-
lamino group; the compounds were first screened in vitro for 
their chronotropic activity on spontaneously beating guinea-
pig right atria, then the activity on If for some of them was 
assessed on isolated ventricular cardiomyocytes of old spon-
taneously-hypertensive rats (SHR). The tests on guinea-pig 
right atria showed that a 4,5 double bond in the benzazepi-
none ring gave compounds more potent than their saturated 
analogues, and that constraining the phenylethyl moiety into 
a tetrahydroisoquinoline or indane ring (3 and 4, respec-
tively) gave compounds only 2-3 times less potent than zate-
bradine. Patch-clamp experiments for selected compounds 
on SHR myocytes confirmed for most of them that their 
bradycardic activity was actually due to If blockade. The 
most interesting compound was 5, the trans-butene analogue 
of zatebradine, which was equipotent with the lead: the EC30 
values for the negative chronotropic activity were 11.3 μM 
and 13.4 μM for 5 and zatebradine, respectively, and the 
residual If was ~40% of control at a concentration 10 μM for 
both drugs. 

These outcomes provided a basis for further manipula-
tions, made by the same research group some years later 
[135-136]. A new screening model was used (HEK293 cells 
expressing recombinant mHCN1, mHCN2 and hHCN4 
channels), in order to find derivatives endowed with isoform 
selectivity; IC50 values (Fig. 5) were determined at -120 mV. 
New structural elements and stereogenic centers were in-
serted into the structure of zatebradine, and the majority of 
the new derivatives carried the benzoazepin-2(3H)-one 
group. While 5 and it cis analogue 6 were endowed with 
comparable potency on HCN1, HCN2 and HCN4 channels, 
combining the cis-butene moiety with a stereogenic centre 
on the ethyl chain gave (R)-7, showing a 4-fold and 11-fold 
preference for HCN2 with respect to HCN1 and HCN4, re-
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spectively. The replacement of the small N-methyl group 
with a second benzazepinone/cis butene moiety gave (R)-8 
endowed with selectivity for HCN1 channel vs HCN2 (30-
fold) and HCN4 (173-fold). It was somehow unexpected that 
the eutomers (R)-7and (R)-8 had an opposite configuration 
with respect to ivabradine, since the stereogenic centres are 
placed on the phenethyl moiety in the same position. The 
insertion of the three-methylene chain of zatebradine into a 
cyclohexane ring gave cis-9, showing a 5-fold preference for 
HCN4 vs HCN2 and HCN1 [137]. Remarkably, the selectiv-
ity found in HEK cells for compounds (R)-8 and cis-9 was 
maintained also in native tissues (guinea pig SAN, mouse 
DRG neurons, and guinea pig spontaneously beating atria) 
[137-138]. 

 
Fig. (5). IC50 values (μM) of the HCN modulators reported in refs 
135, 137. 

 
A new series of HCN1 selective compounds was recently 

discovered at Johnson & Johnson Pharmaceutical (Fig. 6) 
[139]. The screening of a proprietary chemical library by 
means of a FRET-based voltage-sensitive dye system [140] 
yielded compound 10, endowed with micromolar potency on 
HCN1 (pIC50 5.9) and with 15-fold selectivity over HCN4. 
Several analogues were synthesized, finding that a basic 
piperazine ring, a quaternary carbon atom and a 2-
alkoxybenzamide moiety were required for the activity of 
these analogues at HCN1 channel. Compound 11, endowed 
with reasonable metabolic stability, was selected for further 
studies: its potency on HCN1 was slightly increased (pIC50 
6.4) with respect to the lead 10, but not the in vitro selectiv-
ity (pIC50(HCN4) 5.4; pIC50(HCN2) 5.3; pIC50(HCN3) 5.5). Never-
theless, 11 was able to relieve nerve injury-induced tactile 
allodynia in a spared nerve injury model (ED50 6 mg/kg), 
without affecting heart rate (ED20 for bradycardic activity 25 
mg/kg). Further characterization of this compound has not 
been reported in the literature yet.  

Fig. (6). Compounds developed at Johnson & Johnson 
Pharmaceuticals. 

 

5. SUBSTANCES THAT HAVE BEEN SHOWN TO 
MODULATE HCN CHANNEL ACTIVITY 

This section reports a series of substances (Figs. 7-10) 
which have been tested on HCN channels, in native tissues 
and/or in recombinant systems. These compounds are mainly 
drugs, approved for different indications: in some instances, 
their Ih modulating activity can contribute to the therapeutic 
action, but to side effects in others.  

The purpose of this section is to compare information on 
the potency and, when available, on the isoform selectivity 
of these structurally-diverse modulators, which are divided 
according to their main pharmacological activity. 

Alpha2-Adrenergic and Opioid Receptors Agonists (Fig. 
7) 

Dexmedetomidine, the dextrorotatory, S-isomer of mede-
tomidine, is an alpha2 agonist used in the intensive care unit 
for sedation and analgesia [141]. It has been reported that a 
combination of dexmedetomidine and other local anaesthet-
ics increases the duration of analgesia ([142] and references 
therein): using an in vivo model of a peripheral nerve block 
in rats, Brummett et al. showed that this effect is due to 
blockade of the Ih current and not to alpha2-adrenoceptor 
agonism [142]. Indeed, on HEK293 cells expressing 
mHCN1 or mHCN2 channels, dexmedetomidine blocked h-
current with IC50 approximately 10 μM on both isoforms 
[143]. The analgesic activity of the drug was found to be 
largely reduced in HCN1 knocked-out mice, compared to 
wild type. Since in both models yohimbine significantly, but 
not completely, prevented the analgesic effect of the drug, 
the authors concluded that analgesia induced by dexmede-
tomidine was mediated by HCN inhibition, produced not 
only through alpha2-AR, but also through a direct channel 
blockade via alpha2-independent mechanism. Interestingly, 
bradycardia is a common side effect of dexmedetomidine 
[141], which is also reported to affect sinus function in chil-
dren [144]: it is possible that this drug interacts also with 
HCN channel in heart, but to our knowledge, its selectivity 
for the HCN channel isoforms involved in pain has not be 
studied yet. 

Another alpha2-agonist, clonidine (Fig. 2), is used in the 
clinic for several indications including analgesia. Clonidine 
has been tested on rat DRG neurons, where the reduction of 
Ih induced by this drug was prevented by the alpha2-AR an-
tagonist yohimbine, suggesting that Ih inhibition was due to 
alpha2-adrenoceptor activation [145]. However, clonidine is 
able to interact directly with HCN channels: on HEK293 
cells expressing recombinant mHCN2 and hHCN4 channels, 
the drug blocked f-current with IC50 of, respectively, 8.2±1.4 
μM and 9.8±1.4 μM. On SAN of wild type mice and of mice 
where the three alpha2 adrenoceptors have been deleted, 
clonidine inhibited f-current: IC50 values at -100 mV were 
3.1±0.5 μM and 2.8±0.7 μM for wild-type and α 2ABC KO 
mice, respectively [146]. No data have been reported so far 
for clonidine on recombinant HCN1.  

By screening a library of known ion channel modulators 
at Wyeth, Vasilyev et al. found that the opioid agonist lop-
eramide is able to block HCN channels with a mechanism 
independent from opioid receptor activation [147]. On large 
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rat DRG neurons loperamide blocked Ih with an IC50 of 4.9 ± 
0.6 μM, while it was twice less potent in small DRG neurons 
(IC50 11.0 ± 0.5 μM). Loperamide shifted Ih activation to-
ward more hyperpolarized potentials when applied in the 
bath, but not when applied in the pipette. The blockade was 
use-independent; the binding site was suggested to be in the 
extracellular region of the channel. Loperamide and CP-
339,818 [148], a K+-channel modulator evaluated in the 
same screening program [149], were tested on recombinant 
HCN1 and HCN4 expressed in HEK293 cells. Both com-
pounds were 2-3 times more potent on HCN1 than on 
HCN4. On HCN1 the blockade was voltage dependent, and 
more potent at less negative potential, confirming the find-
ings for loperamide on rat DRG neurons [150].  

The effect of tramadol, another opioid agonist, on Ih has 
been studied in GH3 cells, a cell line from a rat anterior pi-
tuitary [151]. It is not clear which isoform is functionally 
relevant in these cells: RT-PCR analysis have shown the 
presence of mRNA transcripts for HCN2, HCN3 and HCN4 
subunits [152], and the characteristics of the current sug-
gested that HCN2, HCN3, or mixed HCN2 - HCN3 channels 
are functionally expressed. Tramadol was able to reduce Ih 
amplitude in a dose dependent way, with an IC50 of 13.6±2.7 
μM, and to shift activation curve to a more hyperpolarized 
potential. As for loperamide, the effect on Ih was independ-
ent from opioid receptor activation, since it was not affected 
by preincubation with naloxone. By analyzing the effect of 
the drug on activation kinetic at different potentials, the 
authors suggested that tramadol is a closed-state blocker, and 
that the binding site could be located at the extracellular re-
gion between S1 and S1–S2 linker [151]. 

General Anesthetics 

Propofol (Fig. 8) is an intravenous sedative-hypnotic 
agent for use in the induction and maintenance of anaesthe-
sia; it activates GABA-A receptors, but it acts also on other 
targets, such as, for instance NMDA receptors [153]. Brady-
cardia is one of its common side effects [154]; moreover, it 
displays both pro- and anti-arrhythmic effects which are re-
lated to interaction with several ion channels, including HCN 
channels [155-156]. Propofol has been tested on mHCN1, 
mHCN2 and mHCN4 channel isoforms expressed in 
Xenopus leavis oocytes [157], where the drug (20 μM) de-
creased current amplitude to, roughly, 50%, 70% and 85% of 
control, respectively, showing that HCN1 is the most sensi-
tive isoform. However, on guinea-pig SAN a 3 μM concen-
tration was able to significantly reduce If conductance at 
physiological potentials [156]. Tibbs et al. [158] tested a 
series of commercially-available propofol analogues on 
HCN1 channels; the compounds show a double substitution 

on the aromatic ring (position 2,4 or 2,6) with tert- or sec-
butyl groups, i.e. with higher steric hindrance with respect to 
the isopropyl groups that decorate propofol. The most active 
compound in the series was 2,6-di-tertbutylphenol (2,6-
DTBP), which was 5, 2, 15 and 23 times more potent than, 
respectively, propofol, 2,4-DTBP, 2,6-di-secbutylphenol 
(2,6-DSBP) and 2,4-DSBP in inhibiting HCN1 channel gat-
ing. Moreover, HCN1 was more sensitive to the action of 
2,6-DTBP compared to the other three isoforms: the shift in 
V1/2 of gating was evident at 3 μM concentration, while a 
statistically significant reduction on HCN2-4 was observed 
only at a 20 μM concentration. As a consequence of its 
HCN1 blocking property, 2,6-DTBP showed an antihyperal-
gesic effect in partial sciatic nerve ligation–induced neuro-
pathic pain (mechanical and thermal insults). Other general 
anesthetics has been found to reduce Ih at therapeutically 
relevant concentrations: the HCN modulating properties of 
volatile anaesthetics such as halothane and isoflurane were 
studied on HCN1 and HCN2 channels expressed in HEK293 
cells [159] and on cortical pyramidal neurons from wild-type 
and HCN1 knockout mice [160]; for both drugs the kind of 
inhibition (shift in the activation voltage, reduction of cur-
rent amplitude) was found dependent on the subunit compo-
sition of the channel. 

Ketamine (Fig. 8) is a non-competitive antagonist of N-
methyl-D-aspartate (NMDA) glutamate receptor [161], used 
as fast-acting anesthetic, as antidepressant and in pain man-
agement [162]. Some of the pharmacological properties of 
this drug are not linked to its activity on NMDA receptor, 
rather to the interaction with other receptors, transporters and 
ion channels [163], including HCN channels. When tested in 
HEK293 cells, on homomeric mHCN1 channels ketamine 
was able to shift the voltage of activation to more negative 
potential (ΔV1⁄2 = -14.7± 2.5 mV) and to reduce the maximal 
current amplitude (32% inhibition at 20 μM), but it had little 
effect on the HCN2 isoform [164]. On heteromeric mHCN1–
mHCN2 channels, the shift in V1⁄2 (12 mV) was similar with 
respect to HCN1, but the maximal inhibition was higher 
(45%, estimated IC50 ~ 16 μM). Evidence from in vitro ex-
periments on ketamine stereoisomers, and from HCN1 
knocked out mice, suggests that the interaction with this 
channel is involved in the hypnotic activity of the drug. 

Local Anesthetic and Antiarrhythmic Drugs 

In addition to general anesthetics, also local anesthetics 
modulate hyperpolarization-activated current. The activity of 
lidocaine, mepivacaine and bupivacaine (Fig. 9) on Ih has 
been measured on rat DRG neurons; they have been found to 
reversibly block Ih with IC50 values (99±4 μM, 190±15 μM, 
and 55±5 μM, respectively) which are clinically relevant 
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concentrations for spinal and epidural anesthesia. The 
authors suggested that Ih blockade plays an important role in 
the anesthetic activity of these drugs [165]. In the same 
study, it was shown that QX-314, the quaternary ammonium 
derivative of lidocaine, was devoid of activity. This finding 
supports an intracellular localization for the binding site of 
lidocaine and its structural analogues. In addition, the 
bupivacaine enantiomers showed a similar potency, the IC50 
values being 55 ± 6 μM for the R-isomer, and 67 ± 8 μM for 
the S one, respectively.  

More recently, lidocaine has been tested also on recom-
binant systems (HEK cells) [166], where a 100μM concen-
tration of the drug reduced maximal current amplitude of 
30.9%, 46.6% and 30.4% on, respectively, homomeric 
mHCN1, mHCN2 and mHCN4 at -120 mV; only on HCN1 
the drug shifted the voltage of activation to more negative 
potential (ΔV1/2 = 11.8 ± 0.3 mV). Lidocaine was tested also 
on heteromeric HCN1-HCN2, where both the current ampli-
tude (38.7% reduction) and the voltage of activation (-
10.1mV shift of V v1/2) were affected. Estimated IC50 values 
(HCN1, 67.6 ± 9.6 μM; HCN2, 66.8 ± 15.3 μM; HCN1-
HCN2, 51.6 ± 9.5 μM) were close to that previously found 
on DRG neurons (99±4 μM) [165]. Removing one ethyl 
group on the basic nitrogen gave monoethyl glycinexylidide 
(MEGX) which is one of lidocaine’s metabolites. MEGX, at 
the same 100 μM concentration produced a more pro-
nounced decrease in current amplitude on all the tested iso-
forms (HCN1, 54.7 ± 2.8 %; HCN2, 59.3 ± 2.8 %; HCN1-
HCN2, 51.0 ± 7.7%, HCN4, 48.8±6.6%) while the effect on 
the activation voltage was similar to that of lidocaine. There-

fore, the secondary amine MEGX seemed slightly more po-
tent than the parent compound. 

Lidocaine and other antiarrhythmic drugs, including an-
other local anesthetic, mexiletine, have been tested on rabbit 
HCN4 heterologously expressed in HEK293 cells; this study 
was made in order to assess the activity of antiarrhythmic 
compounds on ion channels, which are not their primary site 
of action, possibly leading to a more rational use of such 
drugs [167]. The blocking properties were measured at 
physiological voltage ranges (-70 mV), where the effect of 
lidocaine (30 μM) was minimal, leading to an IC50 value of 
276 μM; the IC50 value for mexiletine was slightly higher 
(309 μM). The authors concluded that the inhibitory effect of 
these two compounds on HCN4 in the clinical setting would 
be small. Other antiarrhythmic drugs were tested in the same 
conditions, and a similar conclusion was drawn also for 
quinidine, disopyramide, cibenzoline, aprindine, flecainide, 
propranolol, sotalol, verapamil and propafenone; only for the 
latter drug the IC50 was in the low micromolar range (14.3 
μM). On the contrary, two other compounds were found to 
inhibit HCN4 channels with IC50 values close to therapeutic 
concentrations: bepridil (IC50 4.9 μM) and amiodarone (IC50 
4.5 μM). Interestingly, in a similar study made on myocytes 
from human right atria appendage, Hoppe and Beuckelmann 
did not find reduction of f-current size or change in activa-
tion kinetic after application of 10 μM flecainide, sotalol, 
verapamil and amiodarone; a blocking activity was found 
only for propafenone which, at the same concentration, 
shifted the half-maximal current activation voltage by –
5.2±0.4 mV [168].  
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While the effect of bepridil on hyperpolarization acti-
vated current has not been further investigated, amiodarone 
(Fig. 9) has been tested also on human HCN1, 2 and 4 iso-
forms expressed in Xenopus oocytes [169]. The compound 
blocked the current mediated by the three isoforms with 
some preference for HCN4 (IC50 2.1±1.9 μM) with respect to 
HCN2 (IC50 8.2±4.2 μM) and HCN1 (IC50 46.3±11.7μM), 
without modifying the voltage dependence of activation. The 
blockade by amiodarone was use-dependent; further evi-
dence prompted the authors to suggest that the binding site is 
located on the intracellular site. The blocking properties of 
amiodarone have been demonstrated also on native tissues, 
such as neonatal rat ventricular myocytes [170] and in hyper-
trophic ventricular myocytes from spontaneously hyperten-
sive rats (SHR) [171]. In the latter study, the IC50 on cardio-
myocytes from SHR and from normal rats (Wistar-Kyoto, 
WKY) (respectively, 4.9 ± 1.2 μM and 6.9 ± 1.3 μM at -
120mV) were consistent with those found in oocytes: values 
are intermediate between those found on HCN2 and HCN4 
isoforms, which mediate If in ventricular tissues. In addition, 
pretreatment of ventricular myocytes from SHR with amio-
darone reduced If density by reducing the expression of both 
isoforms. 

Dronedarone (Fig. 9) is a structural analog of amiodar-
one, approved in 2009 for the treatment of atrial fibrillation 
[172]. As well as its parent compound, dronedarone is able 
to block beta-adrenergic receptor, as well as Na+, K+, Ca2+ 

and HCN channels. On hHCN4 channel expressed in CHO 
cells, dronedarone is able to reduce hyperpolarization-
activated current with an IC50 value of 1.0 ± 0.1 μM at – 110 
mV. Under similar conditions, the IC50 values for amiodar-
one and ivabradine were 0.8±0.1 μM and 1.1±0.2 μM, re-
spectively [173]. Further studies point to If blockade as the 
primary mechanism for the bradycardic effect of dronedar-
one, with no contribution due to the beta-adrenergic antago-
nistic activity [174]. Studies in anesthetized pigs confirmed 
that If inhibition is the mechanism underlining the reduction 

of AV conduction during atrial fibrillation, an effect found in 
clinical trials after administration of this drug [175]. 

Other Compounds (Fig. 10) 

Niflumic acid is a non steroidal anti-inflammatory drug 
with a complex activity on several ion channels. Its ability to 
inhibit hyperpolarization-activated current has been demon-
strated on rabbit SAN myocytes and on newt rod photore-
ceptors [176-177]: in both cases the inhibitory effect was 
voltage dependent, being weaker at hyperpolarized potentials 
and higher at potentials close to the physiological value. The 
activation curve was shifted to more negative voltages; on 
SAN, where the most abundant isoform is HCN4 [178], the 
calculated ED50 value was 10.64 μM and the maximal shift 
was around -8 mV. On rod photoreceptors, mainly express-
ing the HCN1 isoform [179], niflumic acid behaved as a 
closed state blocker; 100 μM niflumic acid shifted V1/2 about 
-11 mV. From these and other evidences, both studies sug-
gested an extracellular localization of the interaction site. 
More recently the effect of this drug was tested on mouse 
HCN2 channel expressed in Xenopus laevis oocytes. This 
study confirmed the characteristics of blockade found on 
native tissues; the authors investigated also on the localiza-
tion of the binding site by means of site-directed mutagene-
sis, finding evidence that the drug interacts with the extracel-
lular end of the S4 voltage sensor domains [180]. 

The inhibition of Ih by Capsazepine, a TRPV1 antagonist, 
was first described in 2004 [181]: this compound was found 
able to block hHCN1 channel expressed in the CHO cell line 
with IC50 7.9±0.7 μM. Capsazepine is however not selective: 
when tested on recombinant hHCN2 and hHCN4 isoforms 
expressed in HEK293 cells, its IC50 values were comparable, 
being 6.1±0.8 and 5.8±0.5 μM, respectively [182]. 

1-Methyl-4-phenylpiperidinium iodide (MPP+), a neuro-
toxin usually used to induce Parkinson’s disease in experi-
mental animals, has been found to block Ih in nigral dopa-
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minergic neurons [83]. MPP+, used at concentrations similar 
to those used to induce nigrostriatal degeneration in rodents, 
blocked Ih in a dose- and voltage-dependent manner: 50 μM 
MPP+ shifted Ih activation curve towards negative potentials, 
and reduced Ih amplitude to 44% of maximum at – 75 mV, 
while the current was nearly unchanged at -135 mV. The 
IC50 at -75 mV was 7.74 μM, and the maximal inhibition was 
47%. Interestingly, MPP+ did not block Ih in CA1 pyramidal 
neurons, suggesting selectivity for the isoform(s) present in 
the dopaminergic neurons and lack of effect on HCN1. 

The activity of nicotine on HCN channels was first dem-
onstrated in Oriens-lacunosum moleculare (O-LM) cells, a 
subpopulation of GABAergic interneurons in the CA1 hip-
pocampal area [183], and later in lateral septum (LS), a nu-
cleus that is modulated by excitatory afferents from the hip-
pocampus [184]. In both cases the modulation of neuronal 
excitability induced by nicotine was not prevented by nico-
tinic antagonists, and it was characterized as a direct interac-
tion with the HCN channel. On O-LM neurons nicotine 
dose-dependently blocked Ih, the maximal inhibition being 
39%; the analysis of the dose response curve yielded an EC50 
of 62 nM, with a Hill coefficient (7.3) suggesting cooperativ-
ity. The blockade of Ih was minimal at -70 mV, but higher at 
more negative potentials (-120 mV). Another nicotinic ago-
nist, epibatidine, was also effective on these neurons, while 
acetylcholine was not. Docking studies using a homology 
model of the HCN2 channel in the open state [185] predicted 
that nicotine and epibatidine bind inside the inner cavity of 
the channel, close to the mid region of the S6 domain, in a 
position similar to that predicted for ZD7288 and cilobradine 
[186].  

Several studies have shown that the antibiotic mino-
cycline could be used as an antinociceptive agent in pain 
management (see ref. [187] and references therein). To see 
whether the mechanism of antinociceptive activity could be 
related to HCN modulation, Liu et al. tested this drug on 
substantia gelatinosa neurons in spinal dorsal horns. Mino-
cycline shifted Ih current activation to more negative volt-
ages and decreased Ih amplitude in a reversible and concen-
tration-dependent manner (IC50 = 41 μM) [187]; maximal 
reduction was 40%. Several agents (TTX, CNQX, D-APV, 
bicuculine and strychnine) were unable to prevent the reduc-
tion of Ih induced by minocycline, indicating a direct interac-
tion with the postsynaptic HCN channel. The isoform mainly 
involved in this activity could be HCN1 and HCN3, as in-
ferred from experiments involving the cAMP activator 
forskolin. The drug was not effective when applied from the 
intracellular side, suggesting an extracellular location of the 
binding site.  

Acehytisine is an alkaloid extracted from the root of 
Aconitum coreanum, a plant used in the traditional Chinese 
medicine to treat heart diseases; the compound has been ap-
proved in 2005 in China for the treatment of paroxysmal 
supraventricular tachycardia. Acehytisine is a multi-ion 
channel blocker endowed with antiarrhythmic properties, 
interacting with calcium, sodium and potassium channels 
[188]; on rabbit SAN, the drug slowed down spontaneous 
firing rate and the rate of diastolic depolarization [189]. 
More recently, the effect of acehytisine on If has been stud-
ied both in rabbit SAN and in Xenopus oocytes expressing 

hHCN4 channels. On SAN, acehytisine blocked f-current 
with a maximum of 89.2 ± 8.2% (at 100 µM) and with an 
IC50 9.9 ± 0.3 µM. On HCN4 expressed in Xenopus oocytes 
the IC50 was somehow higher (64.9 ± 8.6 µM). The drug 
shifted the activation curves to more negative potentials; the 
author demonstrated that the blockade was voltage-
independent and not use-dependent. These experiments sug-
gest that acehytisine is a close-channel blocker that binds to 
the extracellular domain of the channel [188]. 

Eugenol is a phenol used in dentistry to relief tooth pain; 
its analgesic activity has been associated to inhibition of so-
dium and calcium voltage gated channels. When tested on 
medium- and large-size trigeminal ganglion neuron, a tissue 
expressing mainly HCN1 and HCN2 channel isoforms [190-
191], eugenol was able to inhibit Ih at concentration lower 
than those required to block voltage-gated sodium channels 
(IC50 157 μM), and to revert mechanical allodynia [192]. 
Interestingly, since the activity of eugenol was attenuated in 
presence of cAMP analogues (8-Br-cAMP, Sp-cAMPS and 
Rp-cAMPS), the authors suggested that these molecules 
competed for the same binding site on the CNBD. 

Genistein is a phytoestrogen that affects f-current in dif-
ferent preparations; whether this effect is due to inhibition of 
phosphorylation (the drug is a tyrosine kinase inhibitor) or a 
direct interaction with the channel (reviewed in ref. [193]) is 
controversial. New evidence in favor to a direct binding of 
genistein to the channel comes from a recent paper by Ro-
zario et al. [194], where the effect of genistein was measured 
on wt mHCN1 and mHCN2 and on mutants where a critical 
arginine in the CNBD has been replaced with glutamate 
(mHCN1-R538E and mHCN2-R591E). This modification 
reduces the interaction of cAMP with the channel [195]. The 
authors concluded that genistein exerts an allosteric effect on 
the channel which changes opening and cAMP coupling. 
This activity is independent from tyrosine kinase inhibition, 
but requires the presence of the intact C-linker domain. Un-
fortunately, this study could not provide evidence on the 
location of genistein binding site.  

Tanshinone is a constituent of the lipophilic fraction of 
Danshen, the dried root of Salvia miltiorrhiza, widely used 
in China for the treatment of cardiovascular and cerebrovas-
cular diseases. The activity of a water-soluble from of tan-
shinone IIA, the sodium sulphonate salt, has been assessed 
on mHCN2 and hHCN1 channels heterologously expressed 
in Xenopus oocytes, where the drug enhanced the initial in-
stantaneous current and slowed channel activation and deac-
tivation processes without affecting the voltage-dependent 
current. The effect was more pronounced on HCN2 com-
pared to HCN1, but it was amplified by the co-expression of 
HCN2 with MiRP1. However, this enhancement of instanta-
neous current was thought not sufficient to increase the heart 
rate in vivo, possibly because the drug may interact with 
multiple targets [196]. Indeed, a decrease of sinus rhythm, 
among many other effects, has been reported for this drug 
[197]. 

Fisetin is a naturally occurring flavonoid [198], which 
potentiates HCN2 mediated current [199]. When tested on 
nHCN2 expressed in Xenopus oocytes, fisetin significantly 
shifted the V1⁄2 toward less negative potential, thus facilitat-
ing channel opening, with a EC50 1.8±0.3μM. Compared to 
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cAMP, fisetin behaved as partial agonist, the shift of V1⁄2 of 
30 μM fisetin being half of that produced by 10 mM cAMP 
(8.9mV and 17.5 mV, respectively). Moreover, the effects of 
the two compounds were not additive, indicating a common 
interaction site. Fluorescence-based assays confirmed that 
fisetin binds to the CNBD; [1H]-[13C] HSQC NMR spectros-
copy suggested that the binding site was close to Met572, a 
residue located at the at the entrance of the cAMP binding 
pocket. 

Gabapentin is an anticonvulsant drug, commonly used to 
treat different kinds of pain [200]. When tested on CA1 py-
ramidal cells, Gabapentin increased Ih amplitude in a concen-
tration dependent way, by increasing conductance without 
affecting activation properties, with a cAMP independent 
mechanism [201]. Quantitatively, the increase of Ih was 
about 34% using 100 μM gabapentin. A similar effect was 
demonstrated also on hippocampal CA1 stratum oriens non-
pyramidal neurons; interestingly, pretreatment with ZD7288 
completely prevented the effect of the drug [202]. Ih activat-
ing properties have been demonstrated also for lamotrigine, 
another anticonvulsant, unrelated to gabapentin either struc-
turally or regarding the mechanism of antiepileptic activity. 
As for gabapentin, the potentiation of Ih produced by lamo-
trigine in hippocampal CA1 stratum oriens non-pyramidal 
interneurons was due to an increase in HCN conductance 
without a change in the voltage dependence of activation 
[203]. On the contrary, on pyramidal neurons Poolos et al. 
found that lamotrigine shifted the activation curve to less 
negative potential (ΔV1⁄2 ~11 mV) without increasing maxi-
mal Ih at hyperpolarized potential (-115 mV) [204].  

The potency of selected blockers reported in sections 4 
and 5 are summarized in Table 1. 

6. CYCLIC NUCLEOTIDES AND ANALOGUES 

cAMP is a physiological modulator of HCN channels; as 
reported in section 2, its interaction with the cyclic nucleo-
tide binding domain (CNBD) shifts the voltage dependence 
of activation to more positive values, with different sensitiv-
ity according to the isoform. Other endogenous cyclic nu-
cleotides can modulate HCN channels: when tested on re-
combinant channels expressed in HEK293 cells, cytidine-
3',5'-cyclic monophosphate (cCMP) activates HCN2 and 
HCN4, but not HCN1 and HCN3 [55]. The maximal effect 
of cCMP was only 60% with respect to cAMP, and the EC50 
value on HCN2 was about 30-fold higher; the activity of 
uridine-3',5'-cyclic monophosphate (cUMP) on HCN2 and 
HCN4 was comparable to that of cCMP. Guanosine-3',5'-
cyclic monophosphate (cGMP) has the same efficacy as 
cAMP, but lower apparent affinity (see refs [15] and [21] 
and citations therein). 

The structure of the carboxy terminal part of HCN chan-
nels, including the CNBD and the C-linker, alone and in 
complex with cAMP and cGMP, is known from X-ray crys-
tallography. The two cyclic nucleotides bind with the purine 
ring in different orientations with respect to the ribose-cyclic 
phosphate moiety, being anti for cAMP and syn for cGMP. 
The affinity of a series of cAMP analogues has been studied 
by means of fluorescence polarization techniques in two dif-
ferent conditions: on a soluble protein construct, made by 
replacing the CNBD of the cAMP receptor protein (CRP) 

with that of the rat HCN2 ion channel [207] and, more re-
cently, on the monomeric cytosolic C-terminal domain 
(comprising the CNBD and the C-linker) of mHCN1, 
hHCN2 and hHCN4 channels [208]. In the latter study, the 
affinity of 47 analogues, varied on the purine/pyrimidine 
moiety, the ribose ring and the cyclic phosphate, were de-
termined, allowing the understanding of structure-activity 
relationship in this class of molecules. As expected, the af-
finity of cGMP for the CNBD of the three isoforms was 
found 3-7 times lower than that of cAMP; for other naturally 
occurring cyclic nucleotides (cCMP, cUMP, inosine-3’,5’-
cyclic monophosphate cIMP) the EC50 values were further 
reduced (from 20- to 50-fold lower than cAMP), while it was 
not possible to detect interaction between cTMP (thymidine-
3′,5′-cyclic monophosphate) and the HCN C-terminal do-
main. The replacement of an oxygen atom in the cyclic 
phosphate with sulfur, or the methylation of the 2’-hydroxy 
group in the ribose ring was detrimental for affinity on all 
the three isoforms, highlighting the crucial role of this part of 
the molecule in the interaction. Some modification on the 
purine ring gave compounds with improved affinity with 
respect to cAMP and cGMP: as expected from the high af-
finity of 8-Fluo-cAMP and 8-Fluo-cGMP, the 8 position can 
tolerate large substituents, such as a 6-aminohexylamino or 
6-aminohexylthio group. As far as isoform selectivity is con-
cerned, the compounds were generally not able to discrimi-
nate between HCN1, HCN2 and HCN4 CNBD, the only 
interesting molecule being 8-Br-cGMP, which was less po-
tent than cAMP and cGMP, but which displayed a prefer-
ence for HCN1 with respect to HCN2 and HCN4 (7-fold and 
9-fold, respectively). The most interesting finding was that 
the 7-carba analogue of cAMP (7-CH-cAMP) binds with 
higher affinity (from 65-fold on HCN2 to >100-fold on 
HCN1 and HCN4) with respect to the physiological modula-
tor. The interaction of 7-CH-cAMP with HCN4 was further 
characterized by means of X-ray crystallography, Isothermal 
Titration Calorimetry (ITC), Surface Plasmon Resonance 
(SPR), and electrophysiology. On hHCN4 expressed in HEK 
cells 7-CH-cAMP behaved as agonist, shifting the activation 
curve to more positive potential, with a potency 4 times 
higher than cAMP. 7-CH-cAMP binds with higher affinity to 
HCN channels with respect to PKA and Epac [208]. 

7. THE LOCATION OF THE INTERACTION SITE(S) 

While the structure of the whole channel is not known at 
the moment, several crystal structures are available for the 
intracellular C-terminal portion of HCN1 [209], HCN2 [210-
211] [209, 212], HCN4 [208-209, 213], and the sea urchin 
sperm SPIH channels [214]; this allowed detailed studies on 
the interaction of cyclic nucleotides and analogues, as out-
lined in the previous section. More important, in the cytoso-
lic domain of the HCN4 channel an additional binding site 
has been recently discovered, which could be exploited for 
selective modulation.  

A recent crystal structure of the cytosolic C-terminal 
fragment of HCN4 bound to cGMP allowed the discovery of 
a new interaction site [213], located at the interface between 
the CNBD and the C-linker. This cavity is wide enough to 
allow the binding of cyclic dinucleotides, such as c-di-GMP, 
which did not show activity when tested alone (100 μM), but 
which was able to completely revert the positive shift of the 
activation curve induced by 15 μM cAMP, behaving as an
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Table 1. Potency of selected compounds for HCN channels blockade. 

 Compound  IC50 or % inhibition of Ih Isoform (cell) or tissue (species) References 

9.9 ±0.3 μM Rabbit SAN 
Acehytisine 

64.9 ±8.6 μM hHCN4 (Xenopus oocytes) 
[188] 

46.3 ± 11.7μM hHCN1 (Xenopus oocytes) 

8.2 ± 4.2 μM hHCN2 (Xenopus oocytes) 

2.1 ± 1.9 μM hHCN4 (Xenopus oocytes) 

[169] 

4.5 μMa Rabbit HCN4 (HEK293) [167] 

4.9 ± 1.2 μM SHR ventricular myocyte 

6.9 ±1.3 μM WKY rat ventricular myocyte 
[171] 

Amiodarone  

0.8±0.1 μM hHCN4 (CHO) [173] 

Bupivacaine  55±5 μM rat DRG neurons 

R- bupivacaine 55±6 μM rat DRG neurons 

S- bupivacaine 67±8 μM rat DRG neurons 

[165] 

7.9±0.7 μM hHCN1 (CHO) [181] 

6.1±0.8 μM hHCN2 (HEK293) Capsazepine  

5.8±0.5 μM hHCN4 (HEK293) 
[182] 

8.2±1.4 μM mHCN2 (HEK293) 

9.8±1.4 μM hHCN4 (HEK293) 

3.1±0.5 μM SAN (wt mice) 
Clonidine 

2.8±0.7 μM SAN (α2ABC KO mice) 

[146] 

46 @10 μM mHCN1 (HEK293) 
Dexmedetomidine 

58 @10 μM mHCN2 (HEK293) 
[143] 

Dronedarone  1.0 ± 0.1 μM hHCN4 (CHO) [173] 

Eugenol 157 μM rat TG neurons [192] 

~32 @20 μM mHCN1 (HEK293) 

~6 @20 μM mHCN2 (HEK293) Ketamine  

~ 16 μM mHCN1-HCN2 (HEK293) 

[164] 

99±4 μM rat DRG neurons [165] 

31 @100 μM mHCN1 (HEK293) 

47 @100 μM mHCN2 (HEK293) 

39 @100 μM mHCN1-HCN2 (HEK293) 

Lidocaine 

30 @100 μM mHCN4 (HEK293) 

[166] 

4.9 ± 0.6 μM large rat DRG 

11.0 ± 0.5 μM small rat DRG 
[147] 

13.5 ± 2.1 μM HCN1 (HEK293) 
Loperamide  

37.1 ± 7.7 μM hHCN4 (HEK293) 
[150] 

MEGX 55 @100 μM mHCN1 (HEK293) [166] 
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(Table 1) contd….. 

Compound  IC50 or % inhibition of Ih Isoform (cell) or tissue (species) References 

59 @100 μM mHCN2 (HEK293) 

51 @100 μM mHCN1-HCN2 (HEK293)  

48 @100 μM mHCN4 (HEK293) 

 

Mepivacaine 190±15 μM rat DRG neurons [165] 

MPP+ 7.74 μMb Rat SNc DA neurons [83] 

Niflumic acid 10.64 μMb Rabbit SAN [176] 

Nicotine  62 nM Mouse O-LM neurons [183] 

50 @20 μM mHCN1 (Xenopus oocytes) 

70 @20 μM mHCN2 (Xenopus oocytes) Propofol 

85 @20 μM mHCN4 (Xenopus oocytes) 

[157] 

Tramadol  13.6±2.7 μM (rat anterior pituitary) GH3 cells [151] 

2 0.32 μM Guinea-pig SAN [126] 

2.31 ±0.37 μM mHCN1 (HEK293) 

17.22±1.74μM mHCN2 (HEK293) 5 

7.23 ±2.60 μM hHCN4 (HEK293) 

5.60 ±0.26 μM mHCN1 (HEK293) 

24.58±4.89μM mHCN2 (HEK293) 6 

7.14 ±0.11 μM hHCN4 (HEK293) 

9.41±0.25 μM mHCN1 (HEK293) 

2.3±0.60 μM mHCN2 (HEK293) R-7 

24.94±0.10μM hHCN4 (HEK293) 

0.60±0.07 μM mHCN1 (HEK293) 

18.3±0.14 μM mHCN2 (HEK293) R-8 

103.78±29.8 μM hHCN4 (HEK293) 

[135] 

21±3.98 mHCN1 (HEK293) 

19.35±4.48 mHCN2 (HEK293) 9 

3.98±1.16 hHCN4 (HEK293) 

[137] 

0.4 μM hHCN1 (HEK293) 

5.0 μM hHCN2 (HEK293) 

3.2 μM hHCN3 (HEK293) 
11 

4.0 μM hHCN4 (HEK293) 

[139] 

17.9 ± 4.4 μM HCN1 (HEK293) 

21.8 ± 6.8 μM hHCN4 (CHO) 
[150] 

1.15 ±0.16 μM hHCN1 (HEK293) 

0.90 ±0.07 μM hHCN2 (HEK293) 

0.99 ±0.16 μM hHCN3 (HEK293) 

Cilobradine  
(DK-AH269) 

0.92 ±0.05 μM hHCN4 (HEK293) 

[106] 
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(Table 1) contd….. 

Compound  IC50 or % inhibition of Ih Isoform (cell) or tissue (species) References 

1.1±0.2 μM hHCN4 (CHO) [173] 

2.05 ±0.13 μM hHCN1 (HEK293) 

2.29 ±0.13 μM hHCN2 (HEK293) 

2.51 ±0.13 μM hHCN3 (HEK293) 

2.15 ±0.34 μM hHCN4 (HEK293) 

[106] 

0.54 μM  hHCN4 (CHO) [133] 

0.94 μM mHCN1 (HEK293) 

2.0 μM hHCN4 (HEK293) 
[101]  

1.5 μM Rabbit SAN [100] 

Ivabradine  

2.18 μM Rabbit SAN [99] 

4.4 ± 0.4 μM hHCN4 (Xenopus oocytes) [188] 

1.83 ±0.39 μM hHCN1 (HEK293) 

2.21 ±0.21 μM hHCN2 (HEK293) 

1.90 ±0.13 μM hHCN3 (HEK293) 

Zatebradine  

1.88 ±0.12 μM hHCN4 (HEK293) 

[106] 

23.8 ± 5.5 μM SHR ventricular myocytes [171] 

15.2 ± 2.5 μM HCN1 (HEK293) 

47.3 ±23.3 μM hHCN4 (CHO) 
[150] 

15 μM rat DRG neurons [116] 

~ 0.3 μM Guinea-pig SAN [114] 

41 μM mHCN1 (Xenopus oocytes) [205] 

ZD7288 

25.8±9.7 μM mHCN1 (HEK293) [206] 

Unless otherwise stated, the IC50 values were determined at potential ranging from -90 to -130 mV. a At -70 mV. b At -75 mV. WKY rats: Wistar-Kyoto rats. O-
LM: Oriens-Lacunosum Moleculare. TG: Trigeminal Ganglion. 

antagonist. Docking studies using the X-ray structure of the 
C-terminal domain of HCN1 and HCN2 suggested that c-di-
GMP would not have affinity for these two isoforms, indicat-
ing that this additional site is relevant only for the HCN4 
channel; this hypothesis was further supported by electro-
physiological studies. Virtual screening of a library of com-
mercially-available compounds led to the discovery of a se-
ries of molecules, structurally unrelated to cyclic dinucleo-
tides, which were predicted to interact with this site; one of 
them, called BPU, was found able to block the activity of 
cAMP at submicromolar doses (IC50 0.42±0.1 μM, hHCN4 
expressed in HEK293 cells). Substances interacting with this 
site could represent a new class of isoform selective HCN4 
blockers. 

The cytosolic C-terminal domain harbors also the binding 
site of TRIP8b: this protein inhibits channel activation an-
tagonizing the effect of cAMP. Saponaro et al. have recently 
studied the cAMP-free HCN2 CNBD by means of NMR 
spectroscopy and compared it to the cAMP-bound HCN2 
CNBD crystal structure, reconstructing the movements in-

duced by cAMP [215]. TRIP8b is proposed to stabilize the 
cAMP-free conformation by interacting with the terminal 
part of the channel formed by the C-helix and the N-bundle 
loop (helices E’ and A). 

Since the compounds reported in sections 4 and 5 sub-
stantially differ in their chemical structure, it is reasonable to 
hypothesize that they bind to different sites. Indeed, for some 
of them the interaction site is suggested to be located on the 
extracellular side (niflumic acid [180], loperamide [147], 
tramadol [151], clonidine [17]), in the intracellular region of 
the pore (ZD7288 [186], cilobradine and ivabradine [186, 
216], nicotine [183], lidocaine [165], amiodarone [169]) or 
within the cyclic nucleotide binding domain (eugenol [192], 
fisetin [199])  

The location of the interaction site of ZD7288 and 
ivabradine has been studied by means of site-directed 
mutagenesis combined with electrophysiology. By compar-
ing the different properties of ZD7288 in the blockade of 
HCN1 and SPIH channels, Shin et al. identified three resi-
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dues in the S6 region (Y375, M377 and V379 in the mHCN1 
channel) involved in ZD7288 interaction, which are likely to 
line the pore [205]. Some years later, Chan and co-workers 
performed, on the same isoform, mutations in the selectivity 
filter and the outer and the inner pore vestibules, finding that 
the three residues located in the inner S6 domain, MFV377–

379, play a significant role in the mHCN1 channel blockade 
induced by ZD7288 [206].  

By using an alanine scanning mutagenesis approach on 
mHCN2, Cheng et al. found that two mutations, A425G and 
I432A, significantly reduced the current block induced by 
ZD7288 or by cilobradine [186]. The mutation of I432 with 
alanine caused a 150-fold reduction of ZD7288 potency, 
while with leucine, valine or phenylalanine the drop was less 
than 3-fold, highlighting the importance of a hydrophobic 
residue in this position. Sequence alignment of mHCN1 and 
mHCN2 showed that I432 corresponds to V379 in mHCN1. 
The interaction of ZD7288 with the mHCN2 channel was 
visualized by means of docking studies on a homology 
model of the channel, built from the crystal coordinates of 
KscA K+ channel from Streptomyces lividans [217] and of 
the MthK channel [218], in a way similar to what reported 
by Giorgetti [185].These models predict that A425 and I432 
face toward the central cavity of the pore; it has been also 
hypothesized [183] from docking studies, that they are in-
volved also in the interaction of nicotine. 

More recently, Di Francesco’s team used molecular 
modeling to explain the outcomes of a study in which they 
combined site directed mutagenesis and electrophysiology 
on hHCN4 expressed in HEK293 cells, with the aim to iden-
tify the interaction site of ivabradine [216]. The homology 
models of hHCN4 were built using the crystal coordinates of 
KscA K+ channel in the closed and open states, and several 
residues facing the internal cavity within the S6 segment and 
the lower part of the pore were mutated to alanine. As a con-
firmation of the previous studies on other isoforms, three 

residues were found to affect the activity of ivabradine: 
Y506, homologous to Y375 on HCN1, F509, homologous to 
Y378 on HCN1, and I510, homologous to V379 on HCN1 
and I432 on HCN2. However, I510 is predicted not to inter-
act with the ligand, but to stabilize the orientation of the 
close residue Y506.  

The most interesting information came from the inspec-
tion of the binding mode of ivabradine. As expected, the 
dimensions of the cavity differ in the closed and open state, 
being, in the latter, approximately 11 Å wider. The confor-
mation of the ligand was predicted to change from an ex-
tended conformation (closed state) to a bent conformation 
(open state) resembling the arrangement found in the crystal 
structure of ivabradine hydrochloride [219]. In addition, the 
ligand seems to be stabilized mainly by Van der Waals, hy-
drophobic and π stacking interactions; the authors suggest 
that a hydrogen bond can be dynamically formed between 
the protonated nitrogen atom and the carbonyl oxygen of one 
of the C478 residues of the selectivity filter, which are 3.1-
3.7 Å away from the quaternary nitrogen atom in the channel 
closed state. This interaction likely could stop ion flux. 

The location of the interaction sites is outlined in Fig. 
(11). 

8. HCN AND PATHOLOGIES 

As previously discussed, HCN channels generate pace-
maker activity and modulate cellular excitability in the brain 
and heart, thus potentially being responsible of cardiomy-
opathies/cardiac arrhythmias and neurological disorders fol-
lowing HCN altered expression and function. Indeed, in last 
few years, multiple connections between HCN channels dys-
function and pathological states have been made (Table 2) 
and HCN-related heart and central/peripheral nervous system 
disorders will be discussed in this section as well as its 
therapeutic potential. 

 
Fig. (11). Schematic representation of the binding sites of different modulators. Left: structure of the transmembrane domain of the channel, 
with indication of the interaction sites of Cs+ and ivabradine. Right: structure of the HCN2 cytosolic C-terminal domain (PDB code 1Q5O) 
with indication on the binding sites of cyclic nucleotides and the ancillary protein TRIP8b. 
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Therapeutic Value and Potential of HCN Channel Block-
ade in Cardiac Diseases 

In the heart, HCN channels are considered major deter-
minant of spontaneous electrical activity of SAN cells and 
contribute to generate and regulate heart rate. Since the dis-
covery of this peculiar function, HCN channels have been 
considered suitable targets for pharmacological interventions 
aimed to reduce heart rate, a useful effect in patients with 
cardiovascular diseases. Following on from extensive pre-
clinical testing, ivabradine emerged as promising candidate 
to selectively decrease HCN-mediated current in SAN prepa-
rations. Subsequent studies in both animal models and hu-
mans have documented that ivabradine decreases heart rate 
to an extent similar to that seen with clinical doses of beta-
blockers [220-221]. Currently ivabradine is clinically used in 
the treatment of stable angina pectoris and cardiac failure as 
selective bradycardic agent [222-226]. Its use is recom-
mended in patients unable to tolerate or with contra-
indications to beta-blockers, because at variance with them, 
it does not directly affect myocardial systolic or diastolic 
function, nor it reduces blood pressure [227] or causes 
bronco-constriction in asthmatic or COPD subject. Ivabrad-
ine is also used in addition to beta-blockers in patients in-
adequately controlled with an optimal beta-blocker dose.  

In line with the clinical benefit observed in patients with 
heart failure, experimental evidence in animal models have 
further investigated the effect of heart rate reduction with 
ivabradine on the functional remodeling of the hypertrophic 
ventricle, which is particularly prone to develop arrhythmias. 
In these settings chronic treatment with ivabradine amelio-
rated cardiac function and counteracted the global electro-
physiological remodeling of the hypertrophic ventricle [228-
229]. The mechanism(s) responsible for the benefit of heart 
rate lowering drug in heart failure and related pro-arrhythmic 
alterations remain elusive both in humans and experimental 
models and require additional investigations. 

Recently, experimental data have shown that HCN chan-
nels are also functionally expressed in the atrioventricular 
node, suggesting an additional role of HCN channel in car-
diac impulse conduction from atria to ventricle [90]. This 
observation led to hypothesize that HCN blockade in atriov-
entricular node could be useful in the setting of atrial fibrilla-
tion to slow cardiac conduction velocity and reduce ventricu-
lar rate. Subsequent investigation in animal models of atrial 
fibrillation have indeed demonstrated that ivabradine re-
duced cardiac conduction velocity without affecting cardiac 
contractility or mean arterial pressure [92]. Moreover, when 
ivabradine is co-administered with ranolazine, used to reduce 
atrial dominant frequency [230] in the fibrillating atria, re-
duction of conduction velocity is greater than the expected 
additive effects of the two drugs. Despite further studies are 
necessary to confirm and extend these results, ivabradine 
alone or in combination with ranolazine, has the potential to 
represent a novel pharmacological strategy to control heart 
rate in atrial fibrillation.  

Atrial and Ventricular Arrhythmias 

After the identification of HCN channel in the human 
atria, different studies have suggested that chronic atrial fib-
rillation alters channel function through intrinsic modifica-

tions of gating and/or stimulation by specific hormonal sig-
nals [231-233]. Indeed, in human chronic atrial fibrillation 
there is evidence showing that HCN current is significantly 
enhanced (+10%) at physiologically relevant voltages (-70 
mV), thus strengthening the hypothesis of a contribution of 
HCN channels to atrial electrogenesis [234]. Conclusive evi-
dence on the molecular mechanisms underlying HCN gain-
of-function in atrial fibrillation still remains elusive, al-
though the occurrence of transcriptional and post-
transcriptional regulatory mechanisms has been demon-
strated. In the context of atrial fibrillation, two physiologic 
mediators, e.g. serotonin release during platelet aggregation 
and adrenergic stimulation, both triggering factors of atrial 
arrhythmias, may enhance HCN channel function and exac-
erbate the consequences of HCN gain-of-function. Both sig-
nals increase current amplitude via activation of G protein 
coupled receptors and cAMP formation [232-233]. Impor-
tantly, serotoninergic and adrenergic stimulation remain op-
erative in chronic atrial fibrillation, thus supporting the hy-
pothesis that local condition in the atria may promote HCN 
channel involvement in electrogenesis [233, 235].  

Expression and function of HCN channels in the hyper-
trophic ventricles are better defined and a multitude of stud-
ies aiming to assess the electrophysiological mechanisms of 
ventricular arrhythmias have proposed HCN channels as 
common marker of functional remodeling induced by hyper-
trophy and possibly associated to enhanced arrhythmogene-
sis (reviewed in [93]). Both rat and human hypertrophic ven-
tricles express functional HCN channels, whose overall 
amount is related to the severity of myocardial hypertrophy 
[236-239] and to the disease etiology [240-242]. HCN over-
expression in the ventricles occurs through transcriptional 
up-regulation of HCN4 and HCN2 isoforms which are then 
translated into functional proteins [43, 229, 237]. Interest-
ingly, ventricular HCN channels share similar electrophysi-
ological properties, sensitivity to autonomic transmitters and 
pharmacological blockade with sinoatrial node cells and 
atrial cardiomyocytes. However current activation threshold 
is much more negative (about -70 mV), a property that at 
ventricular resting membrane potentials (-80/-90 mV) favors 
a contribution of the HCN current to ventricular electrogene-
sis. Such a function would be further strengthened when 
other electrophysiological alterations, such as the reduced 
expression of inwardly rectifying potassium current, and the 
elevated β-adrenergic stimulation promote their contribution 
to electrogenesis. Although the arrhythmogenic role of HCN 
enhancement in the working myocardium is proposed based 
on the above reported studies, the hypothesis remains un-
proven in the clinical setting, since ivabradine administration 
in cardiovascular patients does not decrease cardiovascular 
deaths, including arrhythmic deaths [222-223, 226]. 

Epilepsy 

Epilepsy is a group of neurological disorders character-
ized by epileptic seizures. Because of their role in pacemaker 
function, defective HCN channels are natural candidates for 
contributing to epileptogenesis. Rat model of childhood feb-
rile seizures (hyperthermia model of febrile seizure) [243-
244] was the first observation of HCN involvement in epi-
lepsy. In this model, an enhanced Ih activity was linked in 
hippocampal CA1 neurons of epileptic rats to an increased 
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probability of rebound depolarizations and action potential 
firing [244]. Expression of HCN channels revealed a de-
crease of the ratio of HCN1 vs. HCN2 protein [245-246] 
being HCN1 down-regulated while HCN2 up-regulated in 
hippocampal pyramidal neurons. Although the mechanism 
underlying changes in HCN channel expression levels in 
response to seizures is unclear, HCN1 channel expression is 
probably due to a transcriptionally regulated process involv-
ing activation of calmodulin (CaM) kinase II and Ca2+ entry 
via AMPA receptors while up-regulation of HCN2 was 
found to be CaM kinase II independent [247]. Recently, a 
co-immunoprecipitation study showed, along with altered 
hippocampal HCN1 and HCN2 expression levels, a long-
lasting increase in the levels of heteromeric HCN1/2 chan-
nels in hippocampal neurons [246]. These data point out to a 
complex mixture of HCN1 and HCN2 homomers as well as 
of HCN1/2 heteromers in the generation and the long-term 
maintenance of hippocampal hyperexcitability. However, the 
strongest evidence linking Ih channels to epilepsy remains 
the HCN2-deficient mice which show absence epilepsy and 
spike-and-wave discharges [248]. Indeed, in thalamocortical 
and thalamic reticular neurons of these mice, Ih was found to 
be almost completely abolished [82, 248-250] thus shifting 
the resting membrane potential of these neurons to hyperpo-
larized potentials. Interestingly, at more hyperpolarized rest-
ing membrane potential, the fraction of T-type calcium 
channels present in the closed state (a state in which these 
channels are closed but activable) is higher than in wild-type 
cells where more T-type channels is in the inactivated state. 
Thus, the susceptibility of HCN2-deficient neurons to pro-
duce a Ca2+ spike is higher than that of wild-type neurons 
because the T-type channels present in these cells are easier 
to be activated by excitatory inputs thus firing in burst mode 
than wild-type neurons [248]. 

Moreover, down-regulation of Ih was also found in kainic 
acid rat model of temporal lobe epilepsy (TLE) [251] where 
layer III pyramidal neurons of the entorhinal cortex (EC) 
were found hyperexcitable, thus generating profound syn-
chronous network activity through modulation of dendritic 
integration [85, 252-253]. Indeed, reduction of Ih densities in 
dendrites causes an increase of the dendritic input resistance 
which, in turn, increases dendritic EPSP summation and 
EPSP-spike coupling. Rat and mouse models clearly indi-
cated that impaired HCN channel function or expression is 
associated with epileptiform activity. However, such a strong 
correlation, although likely, is so far missing in humans. Re-
cently, changes in HCN channel expression have been found 
in the dentate gyrus from patients with temporal lobe epi-
lepsy and severe hippocampal sclerosis [254]. Furthermore, 
mutations in HCN1 and HCN2 subunits have been discov-
ered in patients with idiopathic generalized epilepsy [255-
256] and with early-onset epileptic encephalopathy [257]. 
One such mutation, a recessive loss-of-function mutation in 
HCN2 that has been associated with idiopathic generalized 
epilepsy, has been shown to increase the excitability of rat 
cortical neurons [256]. 

Parkinson Disease 

Parkinson's disease (PD) is caused by the progressive de-
generation of nigrostriatal dopaminergic (DA) neurons and 
resulting fall of dopamine levels in the dorsal striatum, a 

subcortical brain formation involved in movement control. 
One of the many pending questions in the genesis of PD is 
the striking differential vulnerability among closely related 
midbrain DA neurons, with Substantia Nigra pars compacta 
(SNc) undergoing significantly greater degeneration com-
pared to Ventral Tegmental Area (VTA) DA neurons. Mid-
brain DA neurons express HCN channels (mainly 2 and 4) to 
an extent that varies among subpopulations, with SNc DA 
neurons showing the highest expression levels, also in terms 
of current amplitude [27-28, 258]. Interestingly, it was re-
cently reported that HCN current amplitude is reduced in 
SNc DA neurons from MitoPark mice, a genetic mouse 
model in which a DA-targeted mitochondrial defect leads to 
selective nigrostriatal degeneration and PD-like phenotype. 
According to the authors, this defect marks early, asympto-
matic disease stages and is not due to HCN transcript down-
regulation [259]. As mentioned in section 5, MPP+, a toxin 
capable of inducing PD-like selective nigrostriatal degenera-
tion in primates and rodents, is a voltage-dependent inhibitor 
of HCN channels in SNc DA neurons in vitro. This block is 
effective at physiological potentials and results in increased 
dendritic excitability and overall responsiveness to excitatory 
synaptic inputs [83]. Altogether, these findings suggest that 
altered HCN channels expression or function in experimental 
PD models deserves in-depth scrutiny, especially within the 
context of differential vulnerability.  

Depression 

Recent studies have pointed out to the role of HCN in 
modulating motor learning deficits and enhancing resistance 
to multiple tasks of behavioral despair with high predictive 
validity for antidepressant efficacy of Ih current in mice. In 
particular, Lewis and co-workers generated a knock-out 
mouse lacking the HCN channel auxiliary subunit TRIP8b 
which significantly regulates the voltage gating and kinetics 
of Ih [68, 260-261]. Eliminating expression of TRIP8b dra-
matically reduced Ih expression in hippocampal pyramidal 
neurons showing that three different lines of knockout mice 
(HCN1, HCN2, and TRIP8b) with elimination or reduction 
of functional Ih displayed antidepressant-like behaviors [69]. 

Furthermore, in order to determine which brain regions 
are important for this antidepressant-like behavior, a lentivi-
ral shRNA-HCN1 system that allowed for focused silencing 
of the HCN1 gene in a small population of neurons was cre-
ated [262]. Indeed, knocking down of HCN1 channels in-
creased cellular excitability and resulted in physiological 
changes consistent with a reduction of Ih. Moreover, rats 
infused with lentiviral shRNA-HCN1 in the dorsal hippo-
campal CA1 region displayed antidepressant- and anxiolytic-
like behaviors associated with widespread enhancement of 
hippocampal activity and up-regulation of BDNF-mTOR 
signaling pathways thus suggesting an HCN1 dependent 
potential target for treatment of anxiety and depression dis-
orders. Finally, following a social defeat stress model of de-
pression, depressed mice displayed hyperactivity of VTA 
DA neurons, caused by an up-regulated hyperpolarization-
activated current [263], a well-known excitatory driving 
force in these neurons [258, 264-265]. In addition, pharma-
cological reduction of the increased Ih in susceptible mice 
reversed depression-related symptoms and chronic antide-
pressant fluoxetine treatment reduced the hyperactivity and 
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normalized Ih in these neurons [264]. Thus, hyperactivity and 
increased excitatory Ih in VTA DA neurons are both patho-
physiological adaptations which could be promising for anti-
depressant action. 

Addiction 

VTA DA neurons in the mesolimbic/mescortical path-
ways are implicated in the mechanisms leading to positive 
reinforcement and addiction. The firing rate of these neurons 
is positively correlated to rewarding stimuli [266]. HCN 
channels have been detected in these neurons and reported to 
govern spontaneous firing [267]. Patch clamp recordings in 
rat midbrain slices have shown that ethanol reversibly en-
hances Ih by right-shifting its voltage dependence and in-
creasing maximum conductance. This leads to an augmented 
spontaneous firing activity [268]. In an animal model of co-
caine sensitization, it was been reported that behavioral 
changes are accompanied by reduced Ih current density, 
without changes in single-unit kinetic properties [269]. Al-
though the literature on the real implication of HCN chan-
nels in the neurophysiological basis of addiction is still lim-
ited, the hypothesis that their function is a common target for 
different substances of abuse deserves careful consideration 
for the obvious clinical relevance [270]. 

Pain 

HCN channels (in particular, HCN1) are expressed in 
larger DRG neurons [271-272]. Surprisingly, however, re-
cent work by Dr. McNaughton’s team have found that 
HCN1-KO mice only exhibited subtle changes in chronic 
pain behaviors compared with wild type (WT) mice [273]. 
Indeed, another HCN subtype, HCN2, in a subset of small 
DRG neurons has been demonstrated to be essential for both 
inflammatory and neuropathic pain [274]. By knocking out 
HCN2 in NaV1.8 expressing DRG neurons (nociceptive sen-
sory neurons), it was found that pain behaviors are largely 
relieved in NaV1.8-HCN2 KO mice. These data further pin-
point that the role of HCN2 in chronic pain is mediated 
through driving action potential firings in NaV1.8-
expressing nociceptors and confirmed the importance of 
HCN channels in pain expecting that HCN2 may be an inter-
esting target of analgesics for chronic pain treatment [19]. 
However, developing a selective HCN2 blocker would be 
crucial and, to our knowledge, such blocker is still not avail-
able.  

9. CONCLUSION AND PERSPECTIVES 

HCN are considered suitable drug target for several pa-
thologies [17]. Indeed, the modulation of these proteins can 
be a therapeutic strategy for many diseases, as highlighted in 
the previous section. Further support to this idea is based on 
the results from transgenic animals [18, 276-277] and on the 
links that have been founds between HCN channels muta-
tions and pathologies [278-280]. Despite all this evidence, 
there is only one drug on the market, which is specifically 
designed to block HCN channels. Ivabradine is an extremely 
valuable tool to probe the therapeutic potential of HCN 
blockade in cardiac pathologies, but its bradycardic activity 
may limit its use to treat diseases involving HCN channels in 
other tissues. Therefore, one of the main issue that need to be 

addressed in this field is the discovery of isoform selective 
compounds as tool to get novel understanding of the physi-
ologic and pathologic implications of single HCN channel 
isoforms.  

HCN isoforms can be studied by means of expression in 
recombinant systems, where the activity of old and new 
compounds can be tested on homomeric channels. Although 
the cellular context may alter to some extent the behavior of 
the channel [281], this simple experimental model can be 
exploited to discover selective modulators, providing that the 
selectivity found on recombinant channels is maintained also 
in native tissues, where these proteins may exist as hetero-
meric combinations (see [15] and references therein), or may 
be strongly regulated by auxiliary proteins, such as TRIP8b 
or Nedd4-2. Indeed, some recent reports show that this selec-
tivity can be maintained. For instance, compound 9, which 
showed higher activity on recombinant HCN4 compared to 
HCN2 and HCN1, resulted to be the more potent on SAN 
cells and Purkinje fibers with respect to DRG neurons [137]; 
the activity of compound 11, more potent on recombinant 
HCN1 with respect to HCN4, showed in vivo antihyperalge-
sic activity without affecting heart rate [139].  

The availability of recombinant systems can speed up the 
discovery of new modulators by using the high throughput 
screening technology. Recently, such methods have been set 
up [140, 149] allowing to search for molecules, structurally 
unrelated to known modulators. By this way compound 11 
has been discovered [139]; in addition, the HCN blocking 
properties of some known substances (CP-339,818 and lop-
eramide) have been disclosed [150]. It is conceivable that in 
the future this method will be exploited more and more to 
yield new drugs.  
As a different approach, it could be possible to take one of 
the molecules reported in sections 4 and 5 as a lead com-
pound for further optimization. In this respect, some points 
need to be considered. First, some compounds (i.e. eugenol, 
minocycline, nicotine, tramadol, MPP+, gabapentin, lamo-
trigine) have been tested only in tissues; therefore, their ac-
tivity may be strongly influenced by other systems, by 
homo- or hetero-tetramerization, by the presence of ancillary 
proteins and/or by the interaction with cell specific intracel-
lular organic modulators. Second, these compounds, which 
are endowed with activity in the micromolar range (nicotine 
is still the only modulator for which an IC50 value in the 
nanomolar range has been reported), must be modified in 
order to improve potency on HCN channels and at the same 
time to minimize the interaction with the original target(s). 
This may not be an easy task, since several compounds are 
reported to interact with different macromolecules. For in-
stance, developing a HCN modulator carrying an imida-
zoline ring could be very difficult, since it is necessary to 
avoid interaction with adrenergic receptors (α2 and α1) and 
imidazoline binding sites (IBS, I1 and I2). Finally, only 
some compounds in section 5 have been tested on different 
isoforms, and even fewer were found able to block one iso-
form with some preference over the others, as it has been 
shown, for instance, for amiodarone, which is 4-fold and 23-
fold more potent on hHCN4 than on hHCN2 and hHCN1, 
respectively (Table 1). Maybe, a more extensive screening of 
modulators on different isoforms could give suggestions for 
the design of selective compounds. 
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Table 2. Proposed implications of HCN channels in human disorders and supposed mechanism.  

Organ/Tissue Region/Cell type Disease 
HCN 

subunit 
Link with Disease Ref. 

Cortex Idiop. Gen. epilepsy 2 Polimorfism/Loss-of-function mutation  [255-257] 

Depression/anxiety 1 Reduced expression levels   [262] CA1 

Febrile seizures 1, 2 [244-247] 

Hippo. 

EC TLE 1 

seizure-induced expression changes 

[251] 

Thalamus Absence epilepsy 2 Constitutive loss of function [248] 

SNc DA Parkinson's 2, 4 [83, 259] 

Addiction 2, 4 [266-270] 

Brain 

Midbrain 

VTA 
DA 

Depression 2, 4 

Functional alteration 

[263-264] 

DRG Nociceptors Pain sensation 1, 2 
Hyperactivation (HCN2); overexpression 

(HCN1) 
[19, 271-275] 

SAN Bradycardia 4 Inducible loss of function [7] 

SAN Sinus arrhythmias 2 [248]  

Heart 

Ventricle Reduction of late ven-
tricular repolarization 

3 

 

Constitutive loss of function  [94] 

Hippo, Hippocampus; EC, Entorhinal Cortex; TLE; Temporal Lobe Epilepsy; SNc, Substantia nigra pars compacta, DA, dopaminergic neurons; VTA, Ventral 
Tegmental Area; DRG, Dorsal Root Ganglia; SAN, Senoatrial node. 

Although in recent times important progress has been 
made in the crystallization of membrane proteins, a high 
resolution crystal structure of the whole HCN channels is not 
available yet. Knowing the three-dimensional structure of the 
transmembrane region would allow performing structure-
based drug design, at least for ivabradine and analogues, 
since the binding site of this drug has been recently located 
and studied (see section 7). A real possibility to design new 
compounds is to consider the cytosolic part of the channel 
for which several x-ray structures are available. The interac-
tion of cyclic nucleotides with the cAMP binding site has 
been studied in details, providing information on the struc-
tural requirements for high affinity binding in this class of 
molecules [208]; however, it would be still difficult to design 
a selective compound with similar structure, since this site is 
highly conserved not only in HCN channels but also in other 
cAMP-binding proteins. Nevertheless, this domain could be 
studied to search for new modulators using docking meth-
ods, as it has been done with the additional site found in the 
C-linker domain of HCN4 [213]: the discovery that this site 
exist only in the HCN4 cytosolic domain opens the way to 
design HCN4-selective modulators. 

While the potential of HCN blockers in cardiac patholo-
gies and in the management of pain is well established, also 
compounds able to increase hyperpolarization activated cur-
rent may have a therapeutic potential. Indeed, the evidence 
reported in Table 2 suggests that positive and negative Ih 
modulators may both be valuable tools to understand the 
involvement of HCN channels in (physio)pathological proc-
esses, providing that they are endowed with isoform selectiv-
ity.  

Therefore, only the discovery of selective compounds 
will test the real potential of HCN channels as drug targets 
for non-cardiac pathologies. 

LIST OF ABBREVIATIONS 

CHO = chinese hamster ovary 
cAMP = adenosine-3',5'-cyclic monophosphate 
cCMP = cytidine-3',5'-cyclic monophosphate 
cGMP = guanosine-3',5'-cyclic monophosphate 
cUMP = uridine-3',5'-cyclic monophosphate 
CNBD = cyclic nucleotide binding domain 
CNS = central nervous system 
DRG = dorsal root ganglion 
EC = enthorinal cortex 
EPSP = excitatory post-synaptic potentials 
FRET = fluorescence resonance energy transfer 
KO = knock-out 
HCN = hyperpolarization-activated cyclic nucleotide 

gated channels 
HEK = human embrionic kidney 
IBS = imidazoline binding sites 
PIP2 = phosphatidyl inositole diphosphate 
NMDA = N-methyl D-aspartate 
PNS = peripheral nervous system 
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SAN = sino atrial node 
SHR = spontaneously hypertensive rats 
SNc = substantia nigra pars compacta 
TRIP8b = tetratricopeptide repeat-containing Rab8b-

interacting protein 
VTA = ventral tegmental area 
WT = wild type 
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