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BACKGROUND AND PURPOSE
Selective hyperpolarization activated, cyclic nucleotide-gated channel (HCN) blockers represent an important therapeutic goal
due to the wide distribution and multiple functions of these proteins, representing the molecular correlate of f- and h-current
(If or Ih). Recently, new compounds able to block differentially the homomeric HCN isoforms expressed in HEK293 have been
synthesized. In the present work, the electrophysiological and pharmacological properties of these new HCN blockers were
characterized and their activities evaluated on native channels.

EXPERIMENTAL APPROACH
HEK293 cells expressing mHCN1, mHCN2 and hHCN4 isoforms were used to verify channel blockade. Selected compounds
were tested on native guinea pig sinoatrial node cells and neurons from mouse dorsal root ganglion (DRG) by patch-clamp
recordings and on dog Purkinje fibres by intracellular recordings.

KEY RESULTS
In HEK293 cells, EC18 was found to be significantly selective for HCN4 and MEL57A for HCN1 at physiological membrane
potential. When tested on guinea pig sinoatrial node cells, EC18 (10 mM) maintained its activity, reducing If by 67% at
-120 mV, while MEL57A (3 mM) reduced If by 18%. In contrast, in mouse DRG neurons, only MEL57A (30 and 100 mM)
significantly reduced Ih by 60% at -80 mV. In dog cardiac Purkinje fibres, EC18, but not MEL57A, reduced the amplitude and
slowed the slope of the spontaneous diastolic depolarization.

CONCLUSIONS
Our results have identified novel and highly selective HCN isoform blockers, EC18 and MEL57A; the selectivity found in
recombinant system was maintained in various tissues expressing different HCN isoforms.

Abbreviations
DRG, dorsal root ganglion; HCN, hyperpolarization activated, cyclic nucleotide-gated channels; HEK293, human
embryonic kidney cells; If and Ih, hyperpolarization-activated current; SAN, sinoatrial node

Introduction
Pharmacological modulation of hyperpolarization activated,
cyclic nucleotide-gated channels (HCN) represents a novel

field of exploitation. These channels, coded by HCN genes,
are present in four isoforms with different biophysical
properties and diverse tissue and cellular distribution.
When expressed in heterologous cells, the subunits form
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homomeric channels, displaying the main biophysical prop-
erties of native HCN current but differing from each other
mainly with regard to their speed of activation and the extent
they are modulated by cAMP (DiFrancesco, 2010). There is
evidence that in vivo the four HCN subunits can combine into
heterotetrameric channels. However, the stoichiometry of
these channels is unknown (Xue et al., 2003; Baruscotti et al.,
2005).

In the heart, these channels (f-channels or If) are highly
expressed in primary and subsidiary pacemakers where they
contribute to the diastolic depolarization phase. HCN chan-
nels are operative in other excitable cells such as neurons and
smooth muscle cells (Hisada et al., 1991; Robinson and Siegel-
baum, 2003; Herrmann et al., 2007; Lin et al., 2007). In dorsal
root ganglion (DRG) neurons, the so-called Ih current prob-
ably plays a critical role in modulating firing frequency and is
involved in cold allodynia, an unpleasant sensation in
response to normally non-noxious cold stimuli, as well as in
mechanical allodynia (Lee et al., 2005). This observation and
subsequent studies in animal models suggested a role for
HCN in hyperalgesia and neuropathic pain (Moosmang et al.,
2001; Momin et al., 2008; Wickenden et al., 2009; Koncz
et al., 2011a).

Despite the wide distribution and multiple reputed func-
tions of these channels, the only HCN blocker approved for
clinical use is ivabradine, indicated as a specific bradycardic
agent in ischaemic cardiomyopathy, possessing potential
anti-arrhythmic actions (Koncz et al., 2011b). In fact, selec-
tive heart rate reduction represents a suitable way to reduce
oxygen demand (Borer et al., 2003; Ferrari et al., 2006). More-
over, recent experimental studies (Ceconi et al., 2011; Suffre-
dini et al., 2012) and clinical trials (Böhm et al., 2010) suggest
that persistent heart rate lowering is associated with favour-
able global cardiac remodelling and beneficial outcome in
heart failure. When taken together, all the evidence indicates
that this field of investigation may translate into clinical
application, hopefully with promising results beyond cardio-
vascular settings.

On the other hand, the widespread distribution of these
channels in different organ and tissues and the incomplete
knowledge of the relative expression and function of different
HCN isoforms may represent a crucial limitation for future
development of new drugs. In fact, blockade of neuronal
HCN channels by ivabradine causes the most common side
effect of this drug, that is, vision disturbances, probably due
to inhibition of retinal rod photoreceptors. A high incidence
of vision side effects was the reason that the clinical devel-
opment of zatebradine was stopped (Glasser et al., 1997;
Satoh and Yamada, 2002). It is conceivable that isoform-
selective compounds may represent a step forward in the
clinical development of HCN blockers and – in parallel – new
tools for sheding light on the role of HCN channels in impor-
tant physiological (and pathophysiological) processes.

Recently, we synthesized new compounds proven to be
capable, on the basis of EC50 values, of differential current
blockade on homomeric HCN isoforms expressed in HEK293
(Melchiorre et al., 2010; Romanelli et al., 2010). Such a pre-
liminary screening suggested that it would be possible to
achieve selectivity by manipulating the chemical structure
of phenylalkylamines related to zatebradine; however,
crucial information concerning biophysical properties (e.g.

voltage-dependent blockade) or activity on native tissue and
cells is lacking.

In the present work, we characterized the electrophysi-
ological and pharmacological properties of new HCN block-
ers in order to test whether selectivity on heterologously
expressed HCN may translate into different cell and tissue
activity on native If and Ih currents.

Methods

Cell culture and isolation
Human embryonic kidney cells (HEK293 cells, DSMZ, Braun-
schweig, Germany), transfected with mouse HCN1 (mHCN1),
mouse HCN2 (mHCN2) and human HCN4 (hHCN4) cDNA
(provided by Prof. M. Biel, University of Munchen), were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco,
DMEM + GlutaMaxTM-I x1) supplemented with 10% fetal
bovine serum (FBS), 100 U·mL-1 penicillin, 100 mg·mL-1 strep-
tomycin, 200 mg·mL-1 geneticin (G418-Gibco) in T25 flasks
and incubated at 37°C with 5% CO2. At confluence (3–5 days
after plating), cells were detached by using trypsin-EDTA;
digestion was stopped by adding the medium. The sediment
cells were either re-plated or used for electrophysiological
measurements. Before the electrophysiological recordings,
HEK293 cells were incubated in normal Tyrode’s solution (see
the Solutions section) for 2–3 h at room temperature.

Isolations of single sinoatrial node (SAN)
myocytes from guinea pig
All animal care and experimental procedures complied with
the Guide for the Care and Use of Laboratory Animals of the
European Community (86/609/CEE). Albino male guinea
pigs (Pampaloni, Italy) of about 200 g body weight were used.
Animals were anaesthetized with ether and killed by cervical
dislocation. The heart was rapidly removed, put in solution A
(see the Solutions section) and the SAN tissue was surgically
isolated and cut into five to six stripes. Enzymatic cell disso-
ciation procedure was then performed in solution B (see the
Solutions section) containing collagenase type I 224 U·mL-1

(Worthington Biochemical Corporation, Lakewood, NJ, USA),
elastase 1.9 U·mL-1 (Roche Diagnostics, Applied Science,
Monza, Milan, Italy) and protease 0.6 U·mL-1 (Sigma Aldrich,
Milan, Italy) used to degrade intercellular matrix and loosen
cell-to-cell adhesion in order to facilitate the mechanical cell
dispersion procedure. Isolated single cells were collected in
solution C (see the Solutions section) and then stored in
Tyrode’s solution containing 40 mM CaCl2 until used.

Mouse DRG neuron preparation
DRG neurons were isolated from adult mice by using a stan-
dard enzymatic dissociation procedure (Materazzi et al., 2008).
Briefly, DRG were isolated from thoracic and lumbar spinal
cord and were minced in cold HBSS. Ganglia were digested by
incubation in HBSS containing 2 mg·mL-1 of collagenase type
IA (Sigma) and 1 mg·mL-1 of papain (Sigma) for 25 min at
37°C. Neurons were pelleted and suspended in Ham’s-F-12
media (Sigma) supplemented with 10% FBS, 100 U·mL-1 peni-
cillin, 0.1 mg·mL-1 streptomycin and 1% glutamine, dissoci-
ated by gentle trituration, mechanically until the solution
appeared cloudy and homogeneous. After centrifugation,
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DRG neurons were suspended in Ham’s-F-12 media (Sigma)
supplemented with 10% FBS, 100 U·mL-1 penicillin,
0.1 mg·mL-1 streptomycin, 1% glutamine and 100 ng·mL-1

NGF (Vinci-Biochem, Florence, Italy), and plated onto 20 mm
glass coverslips previously coated with poly-L-lysine (8.3 mM,
Sigma) and laminin (5 mM, Sigma). All electrophysiological
recordings were made within 48 h of dissociation.

Dog Purkinje fibre isolation
All experimental procedures complied with the Guide for the
Care and Use of Laboratory Animals (U.S.A. NIH Publication
No. 85-23, revised 1985) and the protocols were approved by
the Department of Animal Health and Food Control of the
Ministry of Agriculture and Rural Development, Hungary
(15.1/01031/006/2008). Purkinje fibres were isolated from
both ventricles of hearts removed through a right lateral
thoracotomy from anaesthetized (sodium pentobarbital,
30 mg·kg-1, i.v.) mongrel dogs of either sex weighing 8–16 kg.

The preparations were placed in a tissue bath and allowed to
equilibrate for at least 2 h while superfused with oxygenated
(95% O2 and 5% CO2) appropriated solution (flow rate
4–5 mL·min-1) warmed to 37°C (see the Solutions section).

Electrophysiological recordings
Measurement of HCN current was performed by patch-clamp
technique in the whole-cell configuration at 36 � 0.5°C. The
experimental setup used for patch-clamp recording and data
acquisition was similar to that described previously (Cerbai
et al., 1994). Cell membrane capacitance (Cm) was measured
by applying a �20 mV pulse from holding potential of
-40 mV. HCN current was elicited by a use-dependence proto-
col, consisting of 20–30 consecutive hyperpolarizing steps to
-120 mV at the rate of 0.5 Hz, followed by an I-V protocol,
consisting of a family of hyperpolarizing steps to increasing
negative potentials from -40/-60 mV to -150 mV from a
holding potential of -20 mV (Figure 1). No recovery of the

Figure 1
Typical experiment performed on HEK293 cells expressing HCN isoforms. (A) HCN current traces recorded in HEK293 cell expressing mHCN1,
mHCN2 and hHCN4 channel isoforms, in control condition (black) and in the presence of 10 mM EC18 (grey) by using the protocol shown in the
insert. (B) Activation curves of HCN currents recorded in control condition (CTR) and in the presence of 10 mM EC18 in HEK293 cells expressing
HCN isoforms. Plot reports current conductance normalized with respect to maximal conductance (GHCN/GHCN,max) versus tested membrane
potential (mV) used to evoke the current. n = 4–6, *P < 0.05; §P < 0.001 versus CTR.
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current was observed after a 10 min washout of the com-
pounds. Recordings were sampled at 500 Hz (Axopatch 200B
and Digidata 1200B, Mol. Devices Inc., Sunnyvale, CA, USA)
and analysed with PCLAMP10.2 (Mol. Devices Inc.) and
ORIGIN 8.1 (Microcal Software Inc.).

In order to assess the effect of compounds on HEK293
cells, we used the following protocol: after stabilization of the
cell, we applied the use-dependence protocol twice with 2 min
interval, in control Tyrode’s solution, each one followed by
the I-V protocol to assess the stability of the current. Then,
superfusion with the tested compound was started during
continuous application of hyperpolarizing pulses to
-120 mV, until a steady-state effect was reached (usually
within 3–4 min); the I-V protocol was then applied again twice
as in control. Figure S1 shows examples of the effect of
MEL57A and EC18 on HCN currents.

Intracellular recordings from dog
Purkinje fibres
The experiments were carried out by applying the standard
intracellular microelectrode technique. During the equilibra-
tion period, Purkinje fibres were stimulated at a basic cycle
length of 500 ms. Electrical pulses of 2 ms in duration and
twice diastolic threshold in intensity (S1) were delivered to
the preparations through bipolar platinum electrodes. Trans-
membrane potentials were recorded with the use of glass
capillary microelectrodes filled with 3 M KCl (tip resistance:
5–15 MW). The microelectrodes were coupled through an
Ag–AgCl junction to the input of a high-impedance,
capacitance-neutralizing amplifier (Experimetria 2004,
Budapest, Hungary). Intracellular recordings were displayed
on a storage oscilloscope (Hitachi V-555, Japan) and led to a
computer system action potential evaluation software (APES)
designed for on-line and off-line determination of the action
potential recordings by APES software (Department of Phar-
macology & Pharmacotherapy, University of Szeged, Szeged,
Hungary). The following types of stimulation were applied
in the course of the experiments: stimulation with a con-
stant cycle length of 500 ms; stimulation with a constant
cycle length of 10 000 ms in order to obtain data describing
spontaneous diastolic depolarization. After control measure-
ments, the preparations were superfused for 25 min with
Locke solution containing EC18, MEL57A in a cumulative
manner and then the measurements were resumed.

Data analysis and statistics
Current amplitude and time constant for activation (t) were
obtained by fitting HCN current tracings with a monoexpo-
nential function; using a double exponential function did
not improve the fitting of the current measured at multiple
potentials, as demonstrated by statistically similar values for
residuals obtained with the two methods (P > 0.2, two-way
ANOVA test). Exponential current density was calculated as
the difference between the peak current at the beginning of
the hyperpolarizing step and the steady-state current, nor-
malized to Cm. From the I-V relationship, specific current
conductance was determined for each cell according to the
equation GHCN = I/(Vm - Vrev), where GHCN is the conductance
(pS/pF) calculated at membrane potential Vm, I is the current
density (pA/pF), and Vrev (reversal potential) is calculated
from the analysis of tail currents (Cerbai et al., 1994). Activa-

tion curves for HCN current were fitted with Boltzmann’s
function GHCN = gmax/{1 + exp[ (V1/2 - Vm)/k] }, where V1/2 (mV)
is the half-activation potential and k (mV) is the slope factor
describing the slope of the activation curve.

Concentration-effect curves were obtained by means of
patch-clamp recordings at three different concentrations (1,
10 and 30 mM) and fitted to a Hill distribution (y = Emax[xnH/
(knH + xnH) ] ), where Emax is the maximum effect, k corresponds
to the concentration for half-maximal effect (EC50), x corre-
sponds to drug concentration and nH is the Hill coefficient.

Data are expressed as mean � SEM. Statistical comparisons
were performed by using Student’s t-tests for paired and un-
paired data, where appropriate (GRAPHPAD PRISM5, La Jolla,
CA, USA); differences were considered significant when
P < 0.05.

Solutions
The composition of solutions used was as follows (in mM).

SAN cell isolation. Solution A: D-(+)-glucose 5.5, NaCl 140,
KCl 5.4, MgCl2 1, CaCl2 1.8, HEPES-NaOH 5.0 (pH 7.4). Solu-
tion B: D-(+)-glucose 5.5, NaCl 140, KCl 5.4, MgCl2 0.5,
KH2PO4 1.2, Taurine 50, HEPES-NaOH 5.0 (pH 6.9). Solution
C: Taurine 20, D-(+)-glucose 10, glutamic acid 50, HEPES-
KOH 10, EGTA 0.5, KCl 40, KH2PO4 20, MgCl2 3 (pH 7.2).

Electrophysiological recordings. Extracellular solutions:
Tyrode’s solution: D-(+)-glucose 10, NaCl 140, KCl 5.4, MgCl2

1.2, CaCl2 1.8, HEPES-NaOH 5.0 (pH 7.3); modified Tyrode’s
solution to measure the If current in SAN cells and DRG
neurons: Tyrode’s solution with BaCl2 (2), MnCl2 (2),
4-aminopyridine (0.5), and increasing KCl to 25 mM.
Intracellular solution: K-aspartate 130; Na2-ATP 5, MgCl2 2,
CaCl2 5, EGTA 11, HEPES-KOH 10 (pH 7.2; pCa 7.0). Drug
solutions were obtained from stock solutions (10-2 M) in
water or dimethylsulfoxide (DMSO) and diluted in the differ-
ent experimental solution to reach the desired final
concentration.

Intracellular recording from Purkinje fibres was per-
formed by superfusion with a Locke’s solution con-
taining (in mM) NaCl 128.3, KCl 4, CaCl2 1.8, MgCl2 0.42,
NaHCO3 21.4, and glucose 10.01. The pH of this solution
was 7.40–7.45 when gassed with 95% O2 and 5% CO2 at
37°C.

Chemistry
The synthesis of compound EC4, EC32, Mel57A and MEL57B
has been already published (Romanelli et al., 2005; Mel-
chiorre et al., 2010). The preparation of EC18 is reported in
Romanelli et al. (2010).

The following compounds were tested:
EC4 (corresponding to compound 2 in Melchiorre

et al., 2010): 3- ((E) -4- {[2- (3,4-dimethoxyphenyl)ethyl] -
methylamino}but-2-enyl) -7,8-dimethoxy-1,3-dihydrobenzo
[d]azepin-2-one.

EC32 (corresponding to compound 3 in Melchiorre
et al., 2010): 3- ((Z) -4- {[2- (3,4-dimethoxyphenyl)ethyl] -
methylamino}but-2-enyl)-7,8-dimethoxy-1,3-dihydrobenzo
[d]azepin-2-one. This compound, in Melchiorre et al. (2010),

BJPIsoform-selective HCN blockers

British Journal of Pharmacology (2012) 166 602–616 605



was named in a slightly different way, that is, 3-((Z)-
4-((3,4-dimethoxyphenethyl)(methyl)amino)but-2-enyl)-7,8-
dimethoxy-1Hbenzo[d]azepin-2(3H)-one.

EC18: cis 3-(3-{[2-(3,4-dimethoxyphenyl)ethyl]-
methylamino}cyclohexyl)-7,8-dimethoxy-1,3,4,5-tetrahydro-
benzo[d]azepin-2-one.

MEL57A [corresponding to compound (R)-6 in
Melchiorre et al. 2010]: (R) N,N-bis-[ (Z)-4-(7,8-dimethoxy-2-
oxo-1,3-dihydrobenzo[d]azepin-3-yl)but-2-enyl] -2- (3,4-
dimethoxyphenyl)-propanamine.

MEL57B [corresponding to compound (S)-6 in
Melchiorre et al. 2010]: (S) N,N-bis-[ (Z)-4-(7,8-dimethoxy-2-
oxo-1,3-dihydrobenzo[d]azepin-3-yl)but-2-enyl] -2- (3,4-
dimethoxyphenyl)-propanamine.

Nomenclature
The nomenclature cited in this work conforms to the British
Journal of Pharmacology’s Guide to Receptors and Channels
(Alexander et al., 2011).

Results

Effect on If current expressed in HEK293 cells
Structural manipulations of zatebradine led to the design of
several new compounds whose chemical structure is shown
in Table 1; details of synthesis have been published previ-
ously (Romanelli et al., 2005; Melchiorre et al., 2010). Com-
pound EC18, whose chemistry has not been previously

described, is a rigid analogue of zatebradine, whose confor-
mational flexibility was reduced by incorporation of the three
methylene chains into a cyclohexane ring, a strategy that
resulted in an increase in HCN4 versus HCN1 selectivity
(Romanelli et al., 2010).

In order to investigate their selectivity towards HCN sub-
types, compounds were tested on mouse HCN1, mouse
HCN2 and human HCN4 isoforms heterologously expressed
in HEK293 cells. Figure 1A shows representative tracings
obtained in HEK expressing mHCN1, mHCN2 or hHCN4, in
control conditions and after superfusion with 10 mM EC18.
Representative tracings after superfusion with 10 mM of other
tested compounds are reported in Figure S2. Average activa-
tion curves obtained in the absence and presence of 10 mM
EC18 for the three HCN channel isoforms are reported in
Figure 1B. A similar protocol was used to evaluate the effect of
all tested compounds on I-V curves, at different concentra-
tions (1, 10 or 30 mM). Figures 2 and 3 report the activation
curves obtained at 10 mM for the three HCN channel isoforms
with other tested compounds. Curves were fitted to a Boltz-
mann distribution allowing the calculation, for each curve, of
the voltage of half-maximal activation (V1/2) and the slope
factor (k), as reported in Table S1. These parameters describ-
ing voltage-dependent activation, as well as rate constant of
activation (data not shown), were not significantly different
in the absence or presence of tested compounds. It is evident
that, at 10 mM, EC4 (Figure 2A) and EC32 (Figure 2B) blocked
all three isoforms, although to a different extent (ranging
from 30 to 70% for EC4 and from 25 to 80% for EC32). In
contrast, EC18 (Figure 1B) and MEL57A (Figure 3A) preferen-

Table 1
Chemical structure of the tested compounds
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tially blocked HCN4 and HCN1, respectively. Our previous
results had suggested that the enantiomers MEL57A (R
isomer) and MEL57B (S isomer) act with a different potency
on HCN1, the isoform that was specifically sensitive for this
compound (Melchiorre et al., 2010). This different behaviour
was further confirmed by activation curve analysis: in fact,
the R isomer was 40-fold more potent than the S isomer in
blocking HCN current measured at physiological potentials
(e.g. at -80 mV, EC50 was ª0.3 mM for MEL57A and ª12 mM for
MEL57B).

Blockade of HCN isoforms by
different compounds
As an initial assessment of the potency and selectivity
towards different HCN isoforms, we previously estimated
EC50 for different compounds from the percentage of HCN

current blockade at -120 mV (i.e. at maximal activation) (see
Melchiorre et al., 2010); as for the newly synthesized com-
pound EC18, EC50 at -120 mV was 32.1 � 6.8 mM for HCN1;
34.4 � 10.8 mM for HCN2; and 5.2 � 0.8 mM for HCN4
(P < 0.01 vs. HCN1 and P < 0.05 vs. HCN2).

However, I-V curves in Figures 1–3 reveal that, in some
cases, the extent of channel blockade was different depending
on the voltage step at which the current was elicited,
although differences did not result in changes in midpoint
potential or steepness of I-V curves (Table S1). This is evident,
for example, in the case of mHCN2 blockade by EC18 or
EC32 (Figure 2), which was statistically significant only at
potentials negative to -120 mV, which is far more negative
than the resting potential of any cell type. Thus, we consid-
ered the EC50 calculated for HCN blockade measured at
-80 mV (i.e. at a physiologically relevant membrane poten-
tial); data are reported in Table 2. Also at -80 mV, EC18 was

Figure 2
Effects of compounds EC4 and EC32 on HCN isoforms expressed in HEK293 cells. Activation curves were calculated for each isoform in control
conditions (CTR) and after application of 10 mM EC4 (A) and 10 mM EC32 (B). Plot shows current conductance normalized with respect to maximal
conductance (GHCN/GHCN,max) versus tested membrane potential (mV) used to evoke the current. EC4, n = 5–8; EC32, n = 4–5; *P < 0.05; **P < 0.01;
§P < 0.001 versus CTR.
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Figure 3
Effects of the enantiomers MEL57A and MEL57B 10 mM on HCN isoforms expressed in HEK293 cells. Activation curves were calculated for each
isoform in control conditions (CTR) and after application of 10 mM MEL57A (A) and 10 mM MEL57B (B). Plots report HCN current conductance
normalized with respect to maximal conductance (GHCN/GHCN,max) versus tested membrane potential (mV) used to evoke current. MEL57A, n = 3–5;
MEL57B, n = 4–5; **P < 0.01; §P < 0.001 versus CTR.

Table 2
EC50 values (mM) of the tested compound, calculated at -80 mV for mHC1, mHCN2 and hHCN4 channel isoforms expressed in HEK293 cells

Compound
EC50 (mM)
mHCN1 mHCN2 hHCN4

EC18 21 � 3.98 19.35 � 4.48 3.98 � 1.16*,**

EC4 2.28 � 1.02 3.33 � 1.36 7.03 � 2.97

EC32 2.87 � 1.11* 12.11 � 3.97 7.15 � 1.96

MEL57A 0.32 � 0.06* 12.56 � 3.14 75.26 � 14.38

MEL57B 11.86 � 2.87 10.36 � 2.98 36.40 � 12.82

Data are mean � SEM. *P < 0.05; **P < 0.01.
EC18 (n = 3–5): *HCN4 versus HCN1, **HCN4 versus HCN2.
EC4 (n = 5–8): EC32 (n = 4–5) *HCN1 versus HCN2.
MEL57A (n = 3–5): *HCN1 versus HCN2 and HCN4.
MEL57B (n = 4–5).
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significantly more selective for HCN4 compared with HCN1
and HCN2, while MEL57A exhibited a significant selectivity
for HCN1 (Table 2). In contrast, EC4, EC32 and MEL57B
blocked two (HCN1 and HCN4 for EC32) or all three isoforms
(in the case of EC4 and MEL57B) to a similar extent.

Properties of HCN blockade
Previous studies demonstrated that blockade of HCN1 and
HCN4 by ivabradine differed in terms of percentage blockade
of the open and closed state of the channel (Bucchi et al.,
2006). Therefore, we investigated whether this feature also
applied to our new compounds. In control conditions, IHCN4

and IHCN1 were elicited by trains of activating/deactivating

voltage steps (see the Methods section) in the absence of drug;
in these conditions, the current measured during the 1st or the
30th hyperpolarizing step was unchanged (Figure 4C,D).
Then, cells were rested at -30 mV (channel closed) and drug
perfusion started; after 2 min, the pulsing protocol was
resumed. For the sake of comparison, for each compound, a
concentration closer to the EC50 measured for the specific
channel isoform was selected. As expected (Bucchi et al.,
2006), in the presence of the compounds, current amplitude
decreased during repetitive stimulation (see examples in
Figure 4C,D). More interestingly, the amplitude measured
during the 1st step after resuming pulses was also markedly
reduced in some cases (Figure 4C), thus suggesting that block-
ade of the channel also occurs in the closed state.

Figure 4
Properties of HCN blockade. Histograms show current values measured in the presence of compounds (used at concentrations around EC50

obtained for each HCN isoform), measured at the first (1st) and the 30th step after restoring hyperpolarization, following a 2 min pulse at -30 mV
(see text and voltage protocol at the top). Values were normalized with respect to the pre-drug value (dotted line). (A) mHCN1; (B) hHCN4. (C
and D) Examples of the current at -120 mV recorded in HCN1 (C) and in HCN4 (D) during the experiment time course (indicated at the top of
figure) in the presence of 7 mM EC32. The dotted lines indicate the current values during the activation of the channel in the presence of EC32
before the period at -30 mV and immediately after resuming stimulation. In the case of mHCN1 (C), the difference between the dotted lines
represents the ‘closed channel’ blockade; as for hHCN4 (D), the lack of difference between the levels indicates that channel blockade occurs only
after stimulation was resumed. n = 4, *P < 0.05, **P < 0.01; §P < 0.001; †P < 0.0001 versus CTR.
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Figure 4A,B shows average current values, in the presence
of the tested compounds, during the 1st step (i.e. closed
configuration blockade) and during the 30th step (open
channel blockade), both normalized with respect to the
current value measured during the 1st step in the absence of
the compound (control condition). All tested compounds,
except EC4, blocked HCN1 in closed and open configuration
significantly (Figure 4A). This is also evident from the differ-
ence between the last HCN1 current amplitude upon inter-
rupting stimulation, before superfusing with the test
compound (EC32) and the first HCN1 current amplitude
measured upon resuming stimulation but in the presence of
drug (Figure 4C). However, in the closed state, no significant
current reduction was observed for HCN4 (Figure 4B); the
reduction developed when the pulsing protocol was
resumed (Figure 4D and B). MEL57A was not tested on
HCN4 because the concentration needed to obtain the
channel block was too high. Overall, the differential effect of
EC18, EC32 and MEL57A on HCN1, whose potency varies
from 0.3 to 22 mM, does not seem to have been attributable

to diverse open versus closed state-dependent blockade as all
these compounds acted similarly when tested at equipotent
concentrations.

Results shown so far suggest that, among the tested com-
pounds, EC18 and MEL57A, are selective for HCN4 and
HCN1 channels, respectively, and may represent interesting
candidates as ‘isoform selective’ compounds for native
current. The next step was therefore to measure HCN current
blockade in native cells and tissues.

Effect on SAN cells
In the SAN, HCN channels, generating the so-called If current,
are expressed at higher levels than in working cardiomyo-
cytes and significantly contribute to cardiac pacemaking.
EC18 and MEL57A were tested on isolated SAN cells of guinea
pig at 10 and 3 mM concentrations, respectively. Figure 5
shows typical If recordings obtained in SAN cells in the
absence and presence of EC18 (Figure 5A) or MEL57A
(Figure 5C); the corresponding activation curves were
obtained by plotting If conductance, normalized with respect

Figure 5
Effects of EC18 and MEL57A on guinea pig SAN single cells. If traces were recorded at -120 mV in guinea pig single SAN cell, in the absence (CTR)
and in the presence of 10 mM EC18 (A) or 3 mM MEL57A (C) by using the protocol shown in the inset. The corresponding activation curves for
10 mM EC18 and 3 mM MEL57A are shown in (B) and (D), respectively. Plot presents current conductance normalized with respect to maximal
conductance (Gf/Gf,max) versus membrane potential (mV).
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to maximal conductance (Gf/Gf,max), versus membrane poten-
tial, and are presented in Figure 5B,D. At -120 mV, EC18
reduced If by 67% (fractional current values, mean � SEM
0.75 � 0.17 for control; 0.25 � 0.16 for EC18; n: 4; P < 0.05)
and MEL57A by 18% (from 0.87 � 0.04 in control to 0.71 �

0.10 in the presence of drug, n = 7, not significant).

Effect on DRG neurons
HCN current has been previously characterized in DRG
neurons where it is also known as Ih; in these cells, it probably
plays a critical role in modulating firing frequency. Seem-
ingly, native Ih results from the expression of different
channel isoforms, depending on cell size, and susceptibility
to high concentrations (>30 mM) of HCN blockers, such as
cilobradine, has been shown (Momin et al., 2008). MEL57A,

the putative selective HCN1 blocker, and EC18, the putative
HCN4 blocker, were tested on Ih expressed in mouse DRG
neurons. Figure 6A shows current tracings measured in the
absence and presence of MEL57A (30 and 100 mM); average
activation curves obtained in neurons (different populations
were not distinct at this stage) are reported in Figure 6C. In
control, activation curve was fitted to a Boltzmann distribu-
tion with midpoint (V1/2) of -88.1 � 2.8 mV and slope factor
(k) of 10.7 � 1.51 mV; time constant of activation (t) was less
than 400 ms (Figure 6B), consistent with a relevant contribu-
tion of HCN1 to native Ih (Momin et al., 2008). In the pres-
ence of 30 mM MEL57A, a significant reduction (n = 4, P <
0.05) in Ih conductance was measured at potentials ranging
from -70 to -150 mV (Figure 6C). In particular, at -80 mV, 30
and 100 mM MEL57A blocked around 60% of the available
current, thus reducing the fractional activation (Gh/Gh,max)

Figure 6
Effects of MEL57A and EC18 on mouse DRG neurons. (A) Example of Ih current traces recorded in mouse DRG neurons in the absence (CTR) and
in the presence of 30 mM and 100 mM MEL57A by using the protocol shown. (B) The t values (in ms) versus membrane potentials tested, in the
absence of the compound, confirming the prevalence of HCN1 channel isoform in neurons. (C) Mean activation curves of Ih current in DRG
neurons calculated in control conditions and in the presence of 30 and 100 mM MEL57A. (D) Mean activation curves of Ih current in DRG neurons
in the absence and presence of 30 and 100 mM EC18. (C and D) Current conductance normalized with respect to the maximum (Gh/Gh,max) versus
membrane potential (mV). n = 3–4, *P < 0.05 both tested concentration versus CTR, §P < 0.05 EC18 100 mM versus CTR.
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from 0.36 � 0.06, in control to 0.13 � 0.05 and 0.18 � 0.09
in the presence of 30 and 100 mM MEL57A, respectively
(P < 0.05). At -120 mV, fractional activation was reduced from
0.92 � 0.02 in control to 0.68 � 0.07 with 30 mM MEL57A
and 0.68 � 0.04 with 100 mM MEL57A (-24% of maximal
available current). As a consequence, the activation curve
measured in the presence of 30 mM MEL57A was apparently
shifted to a more negative membrane potential (V1/2 shifted
from -88.1 � 2.8 to -96.9 � 2.6 mV, P = 0.06).

The putative HCN4 selective blocker EC18 showed a
slight effect on the current reduction (Figure 6D) because,
at similar concentrations (30 and 100 mM), it significantly
(P < 0.05) reduced Ih only at potentials negative from -130 to
-150 mV (at -120 mV, 0.85 � 0.04 in control; 0.72 � 0.05
and 0.64 � 0.03, with EC18 30 and 100 mM, respectively;
P < 0.05 EC18 100 mM vs. Gh/Gh,max calculated in absence of
compound) without affecting the current activated at a physi-
ologically relevant voltage. V1/2 was unchanged by EC18
(-98.7 � 3 mV in control; -99.9 � 5.5 mV and -98.0 �

4.8 mV in the presence of 30 and 100 mM EC18 respectively)
(n = 4, not significant).

Effect on dog Purkinje fibres
Finally, we tested the isoform-selective compounds, EC18 and
Mel 57A, on spontaneous diastolic depolarization in dog
cardiac Purkinje fibres (Figures 7A and 8A), where the contri-
bution of different HCN isoforms to spontaneous firing is
attributed to HCN4 or HCN2 isoforms. As shown in Figure 7,

EC18 reduced the amplitude (Figure 7B) and slowed the slope
(Figure 7C) of diastolic depolarization phase, indicated by its
first derivative (dV/dt).

In contrast, MEL57A did not change the amplitude or the
slope of the diastolic depolarization phase, as shown in
Figure 8B,C. These results are in agreement with the HCN
expression in dog Purkinje fibres, where HCN4 is the preva-
lent f-channel isoform and HCN1 is not – or poorly –
expressed (Han et al., 2002), as in humans (Gaborit et al.,
2007).

Discussion

HCN channels play an important role in excitable tissues,
such as heart, neurons and smooth muscle cells (Robinson
and Siegelbaum, 2003; Herrmann et al., 2007), where they
contribute to spontaneous rhythm and firing frequency. The
four HCN isoforms are differently expressed in the tissues; in
particular, HCN2 and HCN4 are expressed mostly in the
heart, while HCN1 is the predominant isoform in neurons. In
these tissues, HCN channels may represent a new pharmaco-
logical target for the management of disorders linked to
abnormal excitability, for example arrhythmias, tachycardia,
epilepsy, hyperalgesia and neuropathic pain. However, the
wide distribution of HCN channels among excitable tissues
has prevented the development of promising channel block-

Figure 7
Effect of EC18 on the slow diastolic depolarization in dog Purkinje fibres. (A) Action potentials recorded in dog Purkinje fibres in the absence and
presence of 1 and 10 mM EC18. (B) Amplitude (mean � SEM) of spontaneous diastolic depolarization recorded in the absence and presence of
1, 3 and 10 mM EC18. (C) Steepness (mean � SEM) of diastolic depolarization phase, indicated by the first derivative (dV/dt) of the membrane
voltage calculated in the absence and presence of 1, 3 and 10 mM EC18. n = 5, *P < 0.05.
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ers, such as zatebradine (Frishman et al., 1995; Pérez et al.,
1995; Valenzuela et al., 1996; Glasser et al., 1997; Gargini
et al., 1999), or may cause side effects for the only approved
drug in the clinical armamentarium, ivabradine (Borer et al.,
2003; Stieber et al., 2006; Cervetto et al., 2007; Demontis
et al., 2009; Wickenden et al., 2009).

Electrophysiological characterization of
putative isoform-selective HCN blockers
In a previous paper (Melchiorre et al., 2010), we showed that
structural manipulation of zatebradine could lead to HCN
isoform-selective substances. In fact, when tested on homo-
meric HCN isoforms heterologously expressed in HEK 293
cells, EC4, EC32, MEL57A, MEL57B and other analogues
blocked If channels with different potency. We found that
MEL57A displayed high selectivity for HCN1 relative to
HCN2 and HCN4. This finding is important as other well-
characterized specific HCN blockers, such as ivabradine and
cilobradine, are not able to discriminate among HCN channel
isoforms (Stieber et al., 2006). Here, we extended our previous
chemistry outcome by adding the new compound EC18, a
rigid analogue of zatebradine, which was found to be a selec-
tive HCN4 channel blocker. At -120 mV, this compound was
6 and 17 times more potent on HCN4 compared with HCN1
and HCN2, respectively.

By refining the electrophysiological characterization in
heterologously expressed HCN isoforms, we demonstrated
that two of the newly synthesized compounds, MEL57A and
EC18, showed isoform-selectivity blockade both at -120 mV,

a voltage used to elicit maximal current activation, and at
voltage steps mimicking physiological membrane potential
(-80 mV). Of note, ivabradine, zatebradine and cilobradine,
that is, well-known HCN blocking agents, chosen as reference
compounds did not show selectivity among channel isoforms
according to previous reports (Borer et al., 2003; Stieber et al.,
2006; Cervetto et al., 2007; Demontis et al., 2009; Wickenden
et al., 2009) (data not shown). Thus, this is the first pharma-
cological evidence of such selectivity.

Previous studies with ivabradine demonstrated different
blocking activities depending on channel configuration:
ivabradine acts as an ‘open-channel’ blocker of hHCN4 and a
‘closed-channel’ blocker of mHCN1 channels (Bucchi et al.,
2006). Accordingly, the authors suggested that this differen-
tial behaviour may be relevant to design isoform-specific mol-
ecules with tissue-specific selectivity (Bucchi et al., 2006).
Therefore, we tested our compounds following the protocol
reported by Bucchi et al. (2006). EC32, EC18 and MEL57A,
similar to ivabradine, but not EC4, were found to block HCN1
both in the ‘closed state’ and in the ‘open state’, while EC18,
EC4 and EC32 blocked HCN4 only in the open state. MEL57A
was not tested on HCN4 because of its limited potency on
this isoform. However, if we restricted the analysis to the
HCN1 isoform, EC18, EC32 and MEL57A, whose potency
varies by two orders of magnitude, exerted similar closed-
channel blockade when tested at equipotent concentrations.
This observation suggests that closed-channel blockade rep-
resents a feature of HCN blockers with the HCN1 isoform. An
extended investigation on other structural analogues is
needed to clarify this point.

Figure 8
Effect of MEL57A on the slow diastolic depolarization in dog Purkinje fibres. (A) Action potential recorded in dog Purkinje fibres in the absence
and presence of 1 and 10 mM MEL57A. (B) Amplitude (mean � SEM) of spontaneous diastolic depolarization recorded in the absence and
presence of 1 and 10 mM MEL57A. (C) Steepness (mean � SEM) of diastolic depolarization phase, indicated by the first derivative (dV/dt) of the
membrane voltage calculated in the absence and presence of 1 and 10 mM MEL57A. n = 5, not significant.
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From isoform-selective to tissue-specific
HCN blockers
In native tissues, different HCN isoforms could be associated
and co-assembled to form functional heteromeric HCN chan-
nels whose stoichiometry remains largely unknown (Xue
et al., 2003; Baruscotti et al., 2005). We reasoned that, besides
their potential interest in pharmaceutical development for
clinical applications, isoform-selective compounds may also
serve as tools for discriminating the functional role of HCNs
in excitable tissues. We chose EC18 and MEL57A, the two
selective compounds for a single isoform, to verify whether
the selectivity found in recombinant systems was maintained
in native tissue expressing HCN channels.

In guinea pig SAN cells, where HCN current (classically
termed If) significantly contributes to cardiac pacemaking,
EC18 shows the highest effect on the native current reduc-
tion, while the effect of MEL57A was negligible. This result is
in agreement with the data suggesting that HCN4 plays a
major role in this tissue (Baruscotti et al., 2005; DiFrancesco,
2010).

In DRG neurons, HCN channels play a critical role in
modulating firing frequency. Seemingly, three classes of
sensory neurons exist in mouse and rat DRG, ranked accord-
ing to cell size and expression of different HCN channel
isoforms. Large- and medium-fast DRG neurons express
mainly HCN1 isoform and may co-express HCN3. In
small- and small-medium neurons, a slowly activating
hyperpolarization-activated current, Ih, was measured consis-
tent with the co-expression of HCN2 and HCN4 (Momin
et al., 2008). Also, HCN1 seems to be responsible for cold
allodynia representing a pharmacological target for the
treatment of neuropathic pain (Moosmang et al., 2001;
Momin et al., 2008; Wickenden et al., 2009), including
chemotherapy-induced hypersensitivity (Descoeur et al.,
2011). MEL57A significantly reduced Ih expressed in mouse
DRG neurons, particularly at physiological membrane
potential (potentials ranging from -70 to -150 mV). This is
suggested also by the fact that current blockade is greater at
less negative (ª60%) than at more negative (ª25%) poten-
tials and supports the hypothesis that, in a tissue where
different isoforms contribute to native Ih current (Baruscotti
et al., 2005), selective blockade reveals different channel iso-
forms: a ‘sensitive’ one, activating at less negative potentials
(such as HCN1) and a ‘resistant’ one activating at more
negative potentials (HCN2 and HCN4) (Biel et al., 2009). In
contrast, EC18 significantly reduced Ih only at extremely
negative – and physiologically irrelevant – potentials
ranging (from -150 to -120 mV), where the functional role
of HCN2 and HCN4, activating at more negative potentials,
prevails.

It is worth noting that, as observed for other HCN block-
ers (Momin et al., 2008), the effect of our compounds on DRG
neurons is apparent only at very high concentrations. We do
not have an obvious explanation for the discrepancy between
concentration-dependence in heterologously expressed or
native channels. However, as these compounds act from the
inner site of the channel (Baruscotti et al., 2005; DiFrancesco,
2010), we speculate that they find it harder to permeate
neuron plasmalemma. Nevertheless, in addition to the physi-
ological interpretation, these results should also be viewed in

the pathophysiological perspective of channel overexpres-
sion or gain-of-function in neuropathic diseases, a condition
caused, for instance, by chemotherapy treatment. Recent
studies in mice showed that the chemotherapeutic agent
oxaliplatin, known to induce acute neurotoxicity, also acts by
altering the expression of several ion channel genes including
up-regulation of HCN1 channels, which reveals an enhanced
response to ivabradine in the oxaliplatin-treated mice
(Descoeur et al., 2011). Therefore, our findings suggest a pos-
sible use of MEL57A, or forthcoming HCN1 selective blockers,
in the undertreated side effects of chemotherapy.

Finally, EC18 and MEL57A were also tested on dog cardiac
Purkinje fibres, a cardiac subsidiary pacemaker exhibiting
pronounced diastolic depolarization, where HCN4 has been
suggested to be the prevalent f-channel isoform compared
with HCN1, which is not – or poorly – expressed in mammal
heart (Han et al., 2002), including humans (Gaborit et al.,
2007). EC18 markedly reduced the amplitude and slowed the
steepness of Purkinje fibres diastolic depolarization phase. In
contrast, MEL57A did not change the diastolic depolarization
phase. Overall, this latter finding suggests that HCN1 selec-
tive blockers may be devoid of – or have less pronounced –
cardiac side effects, while HCN4 blockers may also be active at
the ventricular level. Given that HCN4 is overexpressed in
cardiomyopathies such as heart failure (Cerbai et al., 1997;
2001; Sartiani et al., 2009), such a property may have inter-
esting implications for anti-arrhythmic effects. There are no
published data in the literature regarding the electrophysi-
ological effects of compounds EC4, EC18, EC32 and MEL57A
on currents other than If. Our unpublished patch-clamp data
suggest that compounds EC4 and EC32 markedly inhibit IKr at
1 mM concentration in rabbit ventricular myocytes. In accor-
dance with these effects, both compounds lengthened the
action potential duration (APD) in rabbit right ventricular
papillary muscle. In our experiments with microelectrode
technique, compound EC18 at 1 and 10 mM prolonged the
APD in dog and rabbit papillary muscle and in dog Purkinje
fibre (indicating K+ current inhibition) and exerted use-
dependent block of the Vmax (the maximal rate of depolariza-
tion) in dog Purkinje fibre, suggesting an inhibitory effect on
the fast Na+ current. Compound MEL57A at 1 and 10 mM did
not influence the APD in dog and rabbit papillary muscle but
inhibited Vmax (the maximal rate of depolarization) and also
shortened the APD in dog Purkinje fibre, suggesting an
inhibitory effect on the Na+ current. The APD lengthening
effect of compounds EC4, EC18 and EC32 may limit their
usefulness with regard to their possible therapeutic value
related to their If blocking ability.

In conclusion, our data suggest that the selectivity found
in recombinant system can be maintained in tissues express-
ing different HCN isoforms. The study has been limited so far
to DRG, SAN and Purkinje fibres, and it will be extended in
the future to other tissues, as well as to in vivo experiments.
The availability of isoform-selective HCN blockers will help
elucidate the role of HCN channels in physiological and
pathological conditions in order to clarify the possibility for
these proteins to be suitable targets for drug development and
to design safe drugs. With this in mind, work is in progress to
further explore the effect of reducing the conformational
flexibility of the lead compound in order to improve potency
and selectivity. Finally, additional information from molecu-

BJP M Del Lungo et al.

614 British Journal of Pharmacology (2012) 166 602–616



lar mapping of the binding site for HCN blockers could help
refine the design of new compounds (Cheng et al., 2007).
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Figure S1 Time course of the effect of 10 mM MEL57A and
EC18, tested on HEK293 cells expressing HCN1 (left) and
HCN4 (right) respectively.
Figure S2 Typical f-current traces recorded in HEK293 cell
expressing the cardiac HCN channel isoforms, HCN1, HCN2
and HCN4 in control condition (black) and in the presence of
the tested compounds at 10 mM of concentration (grey). (A)
Compound EC4. (B) Compound EC32. (C) Compound
MEL57A. (D) Compound MEL57B.
Table S1 Properties of HCN current in HEK 293 cells
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