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Use-dependent inhibition of hHCN4 by ivabradine
and relationship with reduction in pacemaker
activity

C Thollon', S Bedut!, N Villeneuve', F Cogé?, L Piffard’, J-P Guillaumin®, C Brunel-Jacquemin’,
P Chomarat?, J-A Boutin?, J-L Peglion® and J-P Vilaine'

I Division Pathologies Cardiaques et Vasculaires, Institut de Recherches Servier, Suresnes, France; 2Division Pharmacologie
Moléculaire et Cellulaire, Croissy/Seine, France and 3Division Chimie B, Suresnes, France

Background and purpose: Ivabradine, a specific and use-dependent /s inhibitor, exerts anti-ischaemic activity purely by
reducing heart rate. The aim of this work was to characterize its effect on the predominant HCN channel isoform expressed in
human sino-atrial nodes (hSAN), to determine its kinetics in HCN channels from multicellular preparations and rate-
dependency of its action.

Experimental approach: RT-PCR analysis of the four HCN channel isoforms was carried out on RNAs from hSAN. Patch-clamp
and intracellular recordings were obtained from CHO cells stably expressing hHCN4 and isolated SAN, respectively. Beating
rate of rat isolated atria was followed using a transducer.

Key results: hHCN4 mRNAs were predominant in hSAN. Ivabradine induced a time-dependent inhibition of hHCN4 with an
ICs0 of 0.5 uM. In rabbit SAN, ivabradine progressively reduced the frequency of action potentials: by 10% after 3 h at 0.1 M,
by 14% after 2 h at 0.3 uM and by 17% after 1.5 h at 1 uM. After 3h, ivabradine reduced the beating rate of rat right atria with
an IC5q of 0.2 uM. The onset of action of ivabradine was use-dependent rather than time-dependent with slower effects than
caesium, an extracellular s blocker. Ivabradine 3 pM decreased the frequency of action potentials in SAN from guinea-pig,
rabbit and pig by 33%, 21% and 15% at 40 min, respectively.

Conclusions and implications: The use-dependent inhibition of hHCN4 current by ivabradine probably contributes to its slow
developing effect in isolated SAN and right atria and to its increased effectiveness in species with rapid SAN activity.
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Introduction

Ivabradine (3-(3-{[((7S)-3,4-Dimethoxybicyclo[4,2,0]octa-1,3,5-
trien-7-yl)methyljmethylamino}propyl)-1,3,4,5-tetrahydro-7,8-
dimethoxy-2H-3-benzazepin-2-one, hydrochloride) (S 16257,
Procoralan) is a pure heart rate (HR) lowering agent that acts by
inhibiting specifically I;, one of the main ionic currents
involved in the regulation of HR in the sino-atrial node
(SAN) (Bois et al., 1996; Vilaine et al., 2003b). Ivabradine
represents an attractive putative therapeutic agent, as
increased heart rate plays a major role in coronary artery
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disease, not only as a trigger of most of the ischaemic
episodes, by increasing myocardial oxygen consumption and
by reducing the diastolic time of myocardial perfusion, but
also as an independent predictor of mortality (Diaz et al.,
2005). The anti-anginal and anti-ischaemic efficacy of
ivabradine, demonstrated in patients with chronic stable
angina (Borer et al., 2003), is at least as potent as that of a
p-blocker (Tardif et al., 2005).

I;, the pharmacological target of ivabradine, is a hyperpo-
larization-activated depolarizing current generated in the
pacemaker cells within the SAN located in the right atria.
This inward ionic current is partly responsible for the slow
diastolic depolarization phase that determines the firing rate
of spontaneous action potentials propagated to the whole
heart for the initiation of the heartbeat (Accili et al., 2002).
The amplitude of this current determines the slope of the
diastolic depolarization phase and thereby the HR. The
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molecular basis of If and its related equivalent in non cardiac
cells I;, have been characterized by cloning a family of ionic
channels (Ludwig et al., 1998; Santoro et al., 1998; Ishii et al.,
1999) known as HCN, which stands for hyperpolarization-
activated cyclic nucleotide-gated channels (Ludwig et al.,
1998). Four isoforms have been identified, HCN1-4 (Ludwig
et al., 1999a). Their homomeric currents, studied in hetero-
logous expression systems, show typical characteristics of
pacemaker currents, activation on hyperpolarization, current
carried by Nat and K* and , modulation by cAMP and
sensitivity to caesium (Cs) (Baruscotti and DiFrancesco,
2004). However, the role of each of these isoforms in
generating Ir in SAN cells has not been definitively
elucidated. Their expression profile has been evaluated in
mouse and rabbit SAN (Shi et al., 1999; Moosmang et al.,
2001), but it has not been characterized in human SAN.

Detailed patch-clamp studies in rabbit SAN cells have
shown that the drug blocks If channels in a use-dependent
way and that it interacts with the channels from the
intracellular side (Bois et al., 1996). More recently, also in
SAN cells, ivabradine has been shown exclusively to be an
open channel blocker, indicating that it cannot reach its
binding site when the channels are closed (Bucchi et al.,
2002). Moreover, the authors observed that its blocking
effect is current-dependent and is attenuated during very
long hyperpolarized pulses (more than 20s of hyperpolariza-
tion) (Bucchi et al., 2002).

The aim of this work was to characterize the pharmaco-
logical target of ivabradine further in human SAN and
to study its kinetics of action on different preparations.
A comparison with Cs was also done and the possible
consequences of ivabradine’s properties discussed.

Methods

Experiments were performed in accordance with the recom-
mendations of the French Accreditation of Laboratory
Animal Care. Pigs were purchased from Frenelles EARL
(Frenelles-Boisemont, France) and all other animals (rats,
guinea-pigs and rabbits) were purchased from Charles River
Laboratories (L'Arbresle, France).

RT-PCR analysis of HCN isoforms in human SAN

RNAs of sinus node tissue from 4 male patients (3 Caucasians
and one Hispanic, 72.2+6.6 years old, all dead after non-
cardiac disease) were purchased from Analytical Biological
Services Inc. (Wilmington, DI, USA) and analysed separately.
The PCR primer pairs used for the amplification of HCN
channel mRNAs are described in Table 1. Four micrograms
of sinus node total RNAs were reverse transcribed in a final
volume of 15l (RT) using the First Strand cDNA synthesis
kit (Amersham Biosciences, Pantin, France). Then, 2 ul of the
RT sample were amplified by PCR using the protocol
obtained with the kit purchased from Qiagen, in the
presence of Q solution and the specific primers. The PCR
reactions (100 ul final volume) were performed in a thermo-
cycler Perkin-Elmer 2400 using the following amplifications
steps: 94°C 3min/94°C 40s, 60°C 40s, 72°C 1min (40
cycles)/72°C 5min. Amplification products were then ana-
lysed on agarose gel. The mRNAs from human brain (Takara
BioEurope/Clontech, Saint Germain en laye, France) were
used as positive control, as the presence of the four HCN
isoforms has been described previously in this tissue
(Monteggia et al., 2000).

Table 1 Characteristics of the specific PCR primer pairs used for the amplification of HCN channel mRNAs
Accession number  Names Sequences Positions Size (pb) of PCR  Number of intron Size (pb)
(GenBank) fragments in amplified region  of intron
hHCN1
AF488549 F1769 5'-GCCTTTGAGACAGTTGCCATTG-3' 1769-1791 597 1 4278
AF488549 B2365 5'-GGTCAGGTTGGTGTTGTGAAGC-3’ 2365-2387 597 1 4278
AF488549 F2344 5'-GCTTCACAACACCAACCTGACC-3' 2344-2366 338 — —
AF488549 B2682 5'-AATCGTGGCTTTTCTGCGTCTG-3' 2682-2704 338 — —
hHCN2
AF065164 F1067 5'-CCGCTACATCCATCAGTGGGAG-3' 1067-1089 519 3? 5910
AF065164 B1586 5'-GCTGTCCTCGTCAAACATCTTGC-3' 1586-1609 519 3? 5910
AF065164 HCN25Biel® 5'-CGCCTGATCCGCTACATCCAT-3’ 1059-1080 280 2° 3834
AF065164 HCN23Biel® 5'-AGTGCGAAGGAGTACAGTTCACT-3' 1265-1288 280 2° 3834
hHCN3
AF488550 F1574 5'-TCAATGCTGTGCTTCAGGAGTTC-3' 1574-1597 587 1 443
AF488550 B2161 5'-GAGGGTTGGGAGGCTGAGAGTG-3' 2161-2183 587 1 443
AF488550 F164 5'GCTCCAGCCTACGGTCAACAAG-3' 164-186 314 1 4542
AF488550 B478 5'ATCTCAGCACCCTCCTCCACCA-3’ 478-500 314 1 4542
hHCN4
AJ0238850 F3166 5'-AAAGTCCAGCACGACCTCAACTC-3' 3166-3189 396 — —
AJ0238850 B3562 5'-AGGATGAAGACGGTGTGTCCAC-3' 3562-3584 396 — —
AJ0238850 HCN45Biel® 5'-CCCGCCTCATTCGATATATTCAC-3’ 2170-2193 280 1 11092
AJ0238850 HCN43Biel® 5'-GAGCGCGTAGGAGTACTGCTTC-3' 2381-2403 280 1 11092

Abbreviations: PCR, polymerase chain reaction; HCN, hyperpolarization-activated cyclic nucleotide-gated channel.
Presence of a pseudo HCN2 gene containing no intron in the human genome.
PPrimers used by the research group of M Biel (Ludwig et al., 1999b).
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Recordings of pacemaker current in a CHO cell line stably
expressing hHCN4

Chinese hamster ovary (CHO) cells were stably co-trans-
fected with the cDNA of hHCN4 and the gene for
the resistance to geneticin by the Lipofectamine method.
The geneticin-resistant clone was selected according to its
immunofluorescence level, assessed using monoclonal
antibodies directed against hHCN4 channels (Alomone labs
Ltd, Jerusalem, Israel) and with patch-clamp experiments.
Cells were cultured at 37°C with 5% CO, in Ham-F12
medium supplemented with 10% decomplemented foetal
calf serum, 1% penicillin-streptomycin and 1% geneticin.
They were used for patch-clamp experiments in 35 mm Petri
dishes at low density, at passages 1-8, 1 or 2 days after
trypsinization.

Patch-clamp recordings were conducted in a modified
Tyrode solution containing (inmMm): NaCl 110, KCI 30,
MgCl, 0.5, CaCl; 1.8, 4-(2-hydroxyethyl)-1-piperazineethyl-
sulphonic acid (HEPES) 5, (pH adjusted to 7.4 with NaOH).
Cells were superfused at the controlled temperature of 32 or
35+ 1°C as further detailed in the text, with a fast changing
perfusion system. Borosilicate glass pipettes (2-7 MQ) were
filled with a solution containing (in mm): KCI 130, NacCl 10,
MgCl, 0.5, ethylene glycol bis(f-aminoethylether)-N,N,N',N'
tetraacetic acid (EGTA) 1, HEPES 5 (pH adjusted to 7.2 with
KOH). Recordings obtained using a RK-400 patch-clamp
amplifier (Bio-Logic, Claix, France) and filtered at 1 kHz were
stored at SkHz further analysed using pClamp 8.0 software
(Molecular Devices Corporation, Sunnyvale, CA, USA). Leak
substraction by the P/N method was performed only for the
half-activation voltage measurement. In all experiments, the
holding potential was —30mV and the hyperpolarization-
activated current was measured as the difference between the
current at the beginning and at the end of the pulse. One
concentration per cell of ivabradine (from 0.1 to 100 xM) was
applied. Run-down of the hHCN4 current (around 15% after
12 min) was not subtracted. Data represented the percent of
control current inhibited at steady-state block. Half-max-
imum effective concentration (ICso) was calculated using
a curve-fitting software (GraphPadPrism 4.01) according to
the equation:

Y= 100/(1 + (ICS()/X)HH)

where Y is the percent of hHCN4 block, X the concentration
and ny the Hill coefficient.

Intracellular recordings of spontaneous APs in isolated sino-atrial
node

Male Hartley guinea-pigs (550-650 g) and New Zealand male
rabbits (2-5 kg) were anaesthetized with sodium pentobarbi-
tal (30mgkg ! intraperitoneally (i.p.) or intravenously (i.v.)
respectively). Large-White pigs (male or female, 25-30Kkg)
were anaesthetized with an intramuscular injection of a
mixture of Tiletamine and Zolazepam (20mgkg '). After
exsanguination, the heart was rapidly removed and im-
mersed in an oxygenated physiological solution, containing
(in mM): NaCl 130, KCI 5.6, NaH,PO,4 0.6, MgCl, 1.1, CaCl,
1.8, NaHCO3 20 and glucose 11 (4°C, pH 7.4+0.1).
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The SAN preparation, including the intercaval region, the
crista terminalis and a small part of the contractile atria, was
surgically isolated and pinned to the bottom of an experi-
mental chamber supplied with physiological solution at
Smlmin~' (364+0.5°C, 95% 0,-5% CO,). After 2h of
recovery, transmembrane potentials were recorded with glass
microelectrodes filled with 3 M KCI (25-35MQ) connected to
a high input impedance amplifier. The signal was digitalized
and analysed using specific software (Clovis, Clod sarl,
France). Spontaneous APs from pacemaker cells were
recorded for 10-20min in control conditions.

In a first set of experiments, one concentration of
ivabradine (0.1, 0.3 or 1 uM) or Cs chloride (3 mM) was added
and spontaneous action potentials firing rate (APsmin~')
was measured every Smin for 1.5-4 h. In addition, changes
in AP amplitude and duration (APA and APDSO0, respec-
tively), maximal diastolic and take-off potentials (maximal
diastolic potential (MDP) and take-off potential (TOP),
respectively) and diastolic depolarization rate (DDR) were
determined at the end of the exposure to ivabradine.

In a second set of experiments, SAN of guinea-pig and pig
were exposed to ivabradine at 3 uM for 40 min and the firing
rate of the spontaneous APs was measured every 5 min.

Spontaneous beating rates of rat isolated right atria

Male Wistar rats (350400 g) were anaesthetized with sodium
pentobarbital (30mgkg~!, i.p.). Right atria was carefully
removed and immersed in physiological solution at 35°C
containing (in mM): NaCl 120.3, KClI 4.8, KH,PO4 1.0, MgSO4
1.3, CaCl; 2.5, NaHCO3 24.2, glucose 11.1, ethylenediamine
tetra aceticacid (EDTA) 0.026 (pH 7.4, 95% O,-5% CO,).
Changes in isometric tension were recorded with IT1-25
transducer (EMKA Technologies, Paris, France). Atria were
stretched to a resting tension of 0.4 g. Spontaneous beating
frequencies were measured using IOX software (EMKA
Technologies, France). After a stabilization period, one
concentration of ivabradine (0.056, 0.1, 0.18, 0.3 or
0.56 uM) or Cs chloride 3 mM was added and atrial beating
rate (b.p.m.) was measured every 10 min for 3 h. IC3, values
are presented as the negative log molar concentration
required to produce a 30% reduction of the initial beating
rate.

Drugs

Ivabradine was provided by Technologie Servier (Orléans,
France) as powder form. It was dissolved daily in distilled
water and added to the physiological solution. Cs chloride
was obtained from Sigma Chemical Co., (Saint Quentin,
Fallavier, France) and was directly dissolved in the physio-
logical solutions.

Data analysis

All results in the text, tables and figures are expressed as
mean+s.em. for n experiments. Statistical analysis was
performed with either a two-way analysis of variances
(ANOVA) or Student’s t-test for unpaired data. Differences
were considered significant when P-value was less than 0.05.
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Results

HCN channels mRNA expression in human SAN
Representative results of non-quantitative reverse transcrip-
tase-polymerase chain reaction (RT-PCR) analysis carried out
on total RNA from human sino-atrial node (hSAN), using
specific PCR primer pairs for the amplification of HCN
channels mRNAs, are presented in Figure 1. No traces of
genomic DNA (gDNA) were found in the mRNA extracts
from hSAN, as no product was amplified from the non-
reversed-transcript mRNAs, and no contamination of sam-
ples was noted when mRNAs were replaced by water (RT™
and H,O, respectively,Figure 1). Human brain mRNAs were
used as positive controls for HCN isoforms. In the human
SAN, of the four HCN channels isoforms, only mRNAs from
hHCN1, hHCN2 and hHCN4 were found (RT *;Figure 1). The
hHCN1 and hHCN2 were transcripted at low levels while
hHCN4 was the major isoform expressed. Similar results
were observed in the four batches of hSAN from patients who
had died from non cardiovascular diseases.

Inhibition of pacemaker current in hHCN4-CHO

Stably transfected CHO cells displayed a slow inward current
activated upon hyperpolarization of the membrane
(Figure 2a). Its voltage dependence measured at 32°C with
7s hyperpolarizing pulses from —40 to —130mV (each
increased by 10mV), followed by a test pulse at —130mV,
showed a voltage of half-activation of —77.8 +0.6 mV (n=23).
This current activated by repetitive pulses to —130mV for 4s,
followed by a deactivation pulse at +20mV for 0.8's, applied
every 6s at 32+ 1°C, was reduced by ivabradine, as illustrated
in Figure 2b with 0.3 uM. Addition of ivabradine resulted in
a progressive decrease of the current elicited at each pulse
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Figure 1 RT-PCR analysis of HCN channel isoforms in (hSAN).
RT-PCRs with SAN RNA from one patient (RT ") or without reverse
transcription of mMRNA (RT™), compared to human brain, was
performed using two different primer pairs specific for hHCN
isoforms. The internal controls correspond to exchange of the
mRNA by H,O or by gDNA in RT-PCR. The size of PCR fragments,
indicated on the right of the figure, was estimated with ®X174 DNA
fragments. Similar results were obtained with 3 others batches of
hSAN.
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Figure 2 Time- and concentration-dependent inhibition of hHCN4 current in stably transfected CHO cells by ivabradine. (a) Voltage-
dependence of h(HCN4 inward current elicited by 7 s hyperpolarizing pulses from —40 to —130 mV with increments of 10 mV and followed by
a test pulse at —130mV led to a voltage of half-activation of —77.8 mV +0.6. (b) Sample traces of whole-cell \HCN4 current elicited by trains
of activating—deactivating (—130mV for 4s, +20mV for 0.8s) voltage steps, applied every 6s at 32+1°C in control solution and after
exposure to ivabradine 0.3 uM. (c) Time- and use-dependent inhibition of hHCN4 current by ivabradine (0.1-100 uM) (the arrow indicates the
beginning of the application). (d) Concentration-dependent inhibition of hRHCN4 current with an ICso value of 0.54 um (95% confidence
interval of 0.45-0.65) and a Hill coefficient of 0.874+0.07. The number of experiments is indicated above each point of the curve.
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in a concentration-dependent manner (Figure 2c), with an
ICso value of 0.54 uM (confidence interval at 95%: 0.45-
0.65 uM) and a Hill coefficient of 0.87+0.07 (Figure 2d). This
inhibition of the hHCN4 current was time-dependent, with a
slowest Kkinetic of block for the lowest concentrations
(Figure 2¢). For example, the steady-state block was obtained
after about 4min at 30uM, whereas about 12min were
required at 0.3 uM.

Reduction of the frequency of spontaneous action potentials in
rabbit SAN

The basal spontaneous firing rate of rabbit SAN preparations
was similar in the different groups before the applications of
ivabradine or vehicle (Table 2) and exposure to the vehicle
induced non-significant changes in action potentials (APs)
frequency even after 4h (2.9+2.6 APsmin~%; +1.3+1.2%).
Ivabradine reduced the pacemaker rate of firing in a
concentration-dependent way (Table 2 and Figure 3): by
—-9.94+1.1% after 3h at 0.1 uM, by —14.0+1.4% after 2h at
0.3 uM and by —17.3+0.6% after 1.5h at 1 uM; an increase in
AP duration and changes in threshold AP were associated
with these effects of ivabradine. As illustrated in the original
tracings shown in Figure 3b-d, the reduction of the rate of
firing of APs induced by ivabradine resulted from a decrease
in the slope of diastolic depolarisation with no change in the
maximal rate of rise of AP (dV/dt max, Table 2). Depending
on the cell, the reduction in the diastolic depolarisation rate
was sometimes associated with more electronegative take-off
potentials (at the higher tested concentrations, as an
example,Table 2). Significant decreases in the frequency of
APs were obtained after 20, 15 and 5 min of exposure to 0.1,
0.3 and 1uM ivabradine, respectively. Maximal effect was
achieved more rapidly at higher concentrations (Figure 3)
(after 165, 115 and 75 min for 0.1, 0.3 and 1 uM, respectively).

Reduction of spontaneous beating rate of rat isolated atria

Basal beating rates of rat isolated atria were similar in the
different groups and changes induced by the vehicle over 3h
were 5.2% at the maximum. Ivabradine induced a progres-
sive concentration-dependent reduction in this beating rate
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(Figure 4). The plateau phase occurred between 140 and
180 min for the two higher concentrations (Figure 4). After
180 min, the inhibitory effect varied from —20.2+2.4% at
0.1 uM to —56.2+4.3% at 0.56 uM. IC3q values obtained after
120 and 180 min of incubation with ivabradine were 0.28 uMm
(confidence interval at 95%: 0.23-0.33 uM) and 0.19 uMm
(confidence interval at 95%: 0.15-0.24 M), respectively.

Use-dependent effects of ivabradine and comparison with Cs

In order to evaluate the contribution of use-dependent
inhibition to the progressive effects of ivabradine, the effects
of 3 uM ivabradine on hHCN4 current were studied using a
similar pulsing protocol, a 2 s pulse at —110mV followed by a
0.6s pulse at +20mV, applied every 3s (0.33Hz, n=2) or
every 6s (0.16 Hz, n=2), both at 35 + 1°C. Comparison of the
kinetics of block showed that the time required to reach the
steady-state block was two times less when the protocol was
applied every 3 vs 6s (Figure 5a, left panel). Plotting the
kinetics of the blocking effects against the number of pulses
showed that the traces could be superimposed for both
frequencies (Figure Sa, right panel).

A comparison of the kinetics of inhibition of HCN4
current induced by ivabradine and Cs, an extracellular
blocker, was also performed in the same conditions, with a
Sspulse at —110mV followed by a 0.6 s deactivating pulse at
+20mV applied every 6s at 35+1°C. Whereas ivabradine
3 uM (n=4) evoked a use-dependent decrease of the current
elicited at each pulse, and needed about 60 pulses to reach
a steady-state reduction of 87.5+2.5%, 2mM Cs induced
a maximum block at the first pulse (90.9+0.5%, n=23)
that remained constant over the next 60 pulses (6 min)
(Figure Sb).

The time course for the effects of ivabradine and Cs were
also compared in rat right atria and rabbit SAN preparations.
Preliminary experiments have shown that Cs 3 mM induced
an inhibition of about 30% of the spontaneous beating rate
of rat atria. Furthermore, in SAN preparations, 2mm Cs
induced only a small reduction in the firing rate of the APs
(9+1% after 90 min, n=3),whereas 5 mM Cs reduced by 21%
the frequency after 40 min but had marked non-specific

Table 2 Effects of prolonged applications of ivabradine on AP parameters of rabbit sino-atrial node preparations

Rate APA av/dt max MDP TOP DDR APD50
Control 211+6 74.4+3.2 5.3+0.9 —64.1+1.9 -51.7+1.7 84.8+9.7 82.5+3.1
Vehicle 214+7 76.9+5.1 74+19 —-66.0+2.4 —51.4+1.8 101.3+8.9 82.2+1.9
Control 22143 72.2+4.1 57+1.4 —63.1+2.5 -50.9+4.0 115.2+8.7 83.4+3.4
Ivabradine 0.1 uM 199 +1* 73.4+0.7 4.3+0.8 —-64.3+1.7 —52.4+2.7 62.0+13.4* 94.0+4.4*
Control 228+7 78.0+3.0 10.5+1.8 —65.9+1.9 —51.0+1.5 103.7+10.3 77.1+2.8
Ivabradine 0.3 um 196 +5* 88.6+2.8 18.1+5.4 -739+1.9 —64.2+2.5% 40.1+2.6* 82.24+3.5%
Control 224+8 67.2+3.0 39+1.1 —-61.1+2.6 —-52.3+3.4 91.24+7.9 82.4+3.4
Ivabradine 1 um 185+7* 78.2+1.8* 3.7+1.3 —67.0+2.6* —59.0+3.5* 42.0+6.9* 92.4+3.3*

Abbreviations: APA, action potential amplitude (mV); APD50, action potential duration at 50% of total repolarization (ms); DDR, diastolic depolarization rate
(mVs™"); MDP, maximal diastolic potential (mV); dV/dt max, maximal upstroke velocity (Vs™"); Rate, spontaneous pacemaker rate (APs min~"); TOP, take-off

potential (mV).

Spontaneous APs recorded at the beginning of the experiments (control) and at the end of exposure to ivabradine, that is 3 h for 0.1 um and vehicle, 2 h for 0.3 um
and 1.5 hours for 1 uM. Values are expressed as means+s.e.m. for five experiments per groups.
*P<0.05 vs vehicle group (Student’s unpaired t-test preceded by a Welch test when needed).
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panel: mean values+s.e.m. of APs rate expressed in percent change from basal values, for five experiments per groups. P<0.05: statistically
significant differences from the vehicle from 15 min at 0.1 and 0.3 um and from 5 min at 1 um (two-way ANOVA test with repeated measures on

factor time).
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Figure 4 Time-dependent effects of four concentrations of ivabra-
dine on the spontaneous beating rate of rat isolated right atria. Data
are expressed as meanzs.e.m., in b.p.m, for five independent
experiments from groups treated with ivabradine at 0.1, 0.18, 0.3
and 0.56 uM. P<0.05: statistically significant differences from the
vehicle from 150 min at 0.1 uM, 60 min at 0.18 uM, 30 min at 0.3 um
and 10 min at 0.56 uM (two-way ANOVA , followed with a Dunnett
test).

effects on AP repolarization (data not shown). Therefore, the
concentration of Cs chosen was 3mM and its effects were
compared to those of ivabradine at 0.3 uM on rat atria and
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1uM in rabbit SAN tissue, concentrations that induce
equivalent reductions of spontaneous frequency in each of
these tissues. As shown in Figure 6, Cs at 3mM induced
a very rapid decrease in the beating rate of both atria
(—34.84+1.6% after 10 min) and SAN (—9.3 +1% after 5 min).
This effect was maintained for 180 and 90 min for atria and
SAN, respectively. In contrast, and as previously shown in
Figures 3 and 4, ivabradine induced a progressive reduction
in rate, not significantly different from control after 10 min
for atria and 5 min for SAN, and maximal at 180 min for atria
(=35.6+5.9%) and 90min for SAN (-17.3+0.6%). These
maximal effects were similar to those induced by Cs 3 mM.

Reduction of the rate of spontaneous APs of sino-atrial nodes from
different species

The effects of ivabradine on the frequency of spontaneous
APs of SAN were also studied in guinea-pig and pig; they
have a higher and lower heart rate in vivo than rabbit,
respectively. In this series of experiments, basal rate of APs
was 19347, 208+7 and 90+5APsmin~', for rabbit (n=8),
guinea-pig (n=38) and pig (n=7) SAN preparations, respec-
tively. Exposure to ivabradine 3 uM for 40 min reduced the
pacemaker firing rate by 21+3% (—41+6APsmin"') in
rabbit SAN vs 33+2% (—68+6APsmin~') and 15+2%
(-13+2APsmin~') for guinea-pig and pigs, respectively
(Figure 7, right panel). As illustrated in Figure 7 in all species
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Figure 5 (a) Use-dependence of the block of hHCN4 current in CHO cells by 3 uM ivabradine: the same protocol (—110 mV for 2 s followed by
a 0.6s pulse at +20mV at 35+1°C) is applied every 3s (n=2) or every 6s (n=2). The kinetics of block are expressed as a function of time
(left) or pulse number (right), showing a same relationship to the pulse number (i.e. channel openings) with both protocols. The arrows
indicated the beginning of the application of ivabradine. (b) Comparison of the time course of inhibition of hHCN4 current by ivabradine 3 um
and Cs 2mm. Pulses at —110 mV for 55 followed by +20mV for 0.6 s were applied every 65 at 35+1°C. The current was inhibited in a use-
dependent manner by ivabradine (n=4) and in a time-independent way by Cs (n= 3) leading to a reduction of about 90% at steady-state for
both compounds. The steady-state block was obtained at the first pulse for Cs, while 65 pulses were needed for ivabradine as shown with

typical current traces in the left panels.

tested (left panels), ivabradine decreased the slope of the
diastolic depolarization.

Discussion

Ivabradine is a specific heart rate reducing agent (Thollon
et al., 1994, 1997; Vilaine et al., 2003a, b) effective and well
tolerated in the treatment of chronic stable angina pectoris
(Borer et al., 2003; Tardif et al., 2005). It is now well known
that its pharmacological target is the cardiac ‘pacemaker’ I¢
current (Bois et al., 1996; Bucchi et al., 2002). However, some
questions about the molecular basis of this current still
remain. Actually, four isoforms of HCN channels have been
identified and cloned by different groups (Ludwig et al.,
1998; Santoro et al., 1998; Ishii et al., 1999). This diversity
could also be increased by the possibility that each isoform
can co-assemble in heterotetramers (Ulens and Tytgat, 2001),
a process that has been suggested to be physiologically
relevant (Much et al., 2003; Brewster et al., 2005). Previous
studies revealed that HCN4 and HCN2 are expressed in
human ventricles and atria, but the authors did not
investigate the SAN (Ludwig et al., 1999b).

In the present work, we demonstrated, using a RT-PCR
technique, that the HCN4 isoform is the predominant
transcript in human SAN rather than HCN2 and HCNI1,
suggesting that it could be the major molecular basis
underlying the I; current. This result fits well with the
observation of sinus node bradycardia in members of a large
family with a mutation in the gene coding for the pacemaker

HCN4 ion channel (Milanesi et al., 2006). Studies performed
in rabbit (Shi et al., 1999), mouse (Moosmang et al., 2001)
and dog (Zicha et al., 2005) also showed that HCN4 is the
dominant isoform expressed in the SAN. Furthermore, mice
lacking HCN4 channels are not viable after about 10
embryonic days, but a reduction of I was observed, by 85%
on average, in the cardiac pacemaker cells of these mice
together with a slow heart rate (Stieber et al., 2003). HCN2
knock out mice only displayed cardiac sinus dysrhythmia
but no bradycardia or modification in the control of heart
rate by the autonomic nervous system (Ludwig et al., 2003).
This also indicates that HCN4 channels are essential for the
generation of pacemaker activity in the heart.

Our present results show that ivabradine inhibited the
homomeric hHCN4 current in CHO cells with an ICsq of
0.54 M. ICsq values previously reported for the inhibition of
native I; in isolated SAN cells from rabbit were 2.8 um (Bois
et al.,, 1996) and 1.5 uM (Bucchi et al., 2002). This lower ICsg
on hHCN4 could be explained either by intrinsic properties
of HCN4 vs native Iy channel or by differences in experi-
mental conditions. The calculated Hill coefficient of 0.87, a
value close to that reported in the two studies on native I¢
current: 0.96 and 0.8 (Bois et al., 1996; Bucchi et al., 2002,
respectively), suggests that one molecule of ivabradine
interacts with each hHCN4 channel.

It was also demonstrated that the inhibition of native I;
current by ivabradine developed slowly during repetitive
trains of activating/deactivating voltage steps, until steady-
state block was reached (Bois et al., 1996; Bucchi et al., 2002).
This feature is characteristic of a ‘use-dependent’ block,

British Journal of Pharmacology (2007) 150 37-46



Use-dependent inhibition of hHCN4 by ivabradine

44 C Thollon et al
a 10-
<
[}
s
s
®
£
[
g
8 60{ ——Vehicle
0_70_ —&— Cesium 3 mM
—+— lvabradine 0.3 pM
'80 T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180
Time (min)
b 104
< 0
Q
[
o -10-
o
<
£
o -20-
=)
S
£ —a— Vehicle
O -301 )
—a— Cesium 3 mM
— lvabradine 1 yM
'40 T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90
Time (min)

Figure 6 Comparison of kinetics of reduction in pacemaker activity
induced by ivabradine and Cs chloride. (a) Time-dependent effects
of 3mm Cs and 0.3 uM ivabradine on the spontaneous beating rate
of rat isolated right atria during 3 h period of exposure. Data are
expressed as percent change from basal values of beating rate for
four independent experiments for each group. (b) Time-dependent
effects of Cs 3mM and ivabradine at 1 uM on the spontaneous firing
rate of rabbit sino-atrial node tissue, during an exposure period of
1.5 h. Data are expressed as percent change from basal values of APs
rate, for three experiments for Cs treated group and five experiments
for the other groups (same as in Figure 4). *P<0.05: statistically
significant differences between the two treated groups (Student’s
unpaired t-test preceded by a Welch test when needed). For clarity
other statistical results are not indicated on the graphs.

which is explained by the high affinity of the drug for the
open configuration of the channels (Bucchi et al., 2002).
Thus, the kinetics of the effect of ivabradine could result
from use-dependency alone or in association with the time
required to reach its intracellular binding site. In the first
case the availability of the open channels during time is the
only limiting parameter while, in the second one, a time-
dependent component is involved. To answer this question,
experiments with a similar electrophysiological protocol
applied at two different frequencies were carried out. The
two kinetics of block showed a superimposed relationship
with the pulse number and not with the time, which led to
the conclusion that the kinetics of ivabradine inhibition of
hHCN4 current is related to the availability of open channels
during the activating-deactivating pulses. Consequently, a
long application time is required to obtain the steady-state
block (about 12min at 0.3 uM in our experimental condi-
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tions) and this block is reached more rapidly with an
increased pulse frequency.

At the multicellular level, ivabradine progressively slows
the diastolic depolarization rate in sino-atrial node pace-
maker cells leading to a prolonged diastolic period and thus
to a decrease in the frequency of the spontaneous APs
(Thollon et al., 1994) and to a reduction in atrial beating rate,
as confirmed in this study. One to three hours were required
to obtain a stable reduction in APs firing rate at low
concentrations of ivabradine (0.1-1uM) while, in the
previous studies, it was achieved after about 20 min with
concentrations in the micromolar range (Thollon et al.,
1994). Similarly, prolonged applications of 3 h were needed
to reach maximal reduction of spontaneous beating rate of
rat isolated right atria with ivabradine at 0.1-0.6 uM. In these
conditions, the calculated I1C3 value was shifted to 0.17 uM.
Actually, the time required to obtain the full effect of
ivabradine on a multicellular preparation was much longer
than the time needed for inhibition of hHCN4 current in
CHO cells. This difference could be partly explained by the
longer availability of the open channels during the Ss
hyperpolarizing pulses protocol, which does not occur in
pacemaker cells during SAN physiological activity, where
f-channels are poorly recruited during the short diastole at a
less hyperpolarized membrane potential. In order to analyse
the possible implication of use-dependency in the kinetics of
inhibition, we compared the time-course effects of ivabra-
dine with that of an immediate extracellular blocker of
f-channels. Cs was used in spite of its low specificity for It and
its possible voltage-dependent activity (DiFrancesco et al.,
1986), as it blocks I; channels in a non-use-dependent
manner. Indeed, 2mM Cs induced almost complete inhibi-
tion of the hHCN4 current (90%) at the first hyperpolarizing
pulse, when about 60 pulses were required for an equivalent
inhibition with 3 uM ivabradine. Cs also exerted a very rapid
reduction in spontaneous firing rate of isolated SAN
preparation and right atria (5-10 min), whereas 90-180 min
were needed to obtain a similar effect with ivabradine.
Together, these results suggest that the slow kinetics of
action of ivabradine could be related to its use-dependent
blocking mechanism. Even if extrapolations from in vitro
results to in vivo need to be treated with caution, it can be
reasonably speculated that this property of ivabradine is
likely to be responsible for the lag time between the plasma
peak concentration and the maximal heart rate reduction
described in human in clinical studies (Ragueneau et al.,
1998). This delay may be related to the progressive inhibi-
tion observed in vitro at equivalent concentration of
ivabradine.

As a result of the use-dependent block, the reduction in
pacemaker activity induced by ivabradine must be more
important at higher firing rate as already suggested (Bucchi
et al., 2002), and also for other positively charged use-
dependent I; blockers (Goethals et al. 1993; Van Bogaert and
Pittoors, 2003; Stieber et al., 2004). We have compared the
effects of ivabradine in preparations obtained from species
with different heart rates. In vivo (data not shown), conscious
guinea-pig heart rate is intermediate between rat and rabbit
(250 vs 300 and 200b.p.m., respectively) and pigs have a
heart rate closer to that of humans (around 90b.p.m.). These
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Figure 7 Effects of a 40 min exposure to ivabradine at 3 uM on the spontaneous firing rate of sino-atrial node tissue from different species. Left
panels: original traces of spontaneous APs from rabbit (a), guinea-pig (b) and pig (c) pacemaker cells after exposure to ivabradine are indicated
by arrows and are compared to the respective control trace at the beginning of the experiment. Right panels: time-dependent reduction in the
rate of the APs from basal values, for n experiments for each group (n=7 for pig and n=8 for the other groups). *P<0.05: statistically
significant differences between indicated groups (Student’s unpaired t-test preceded by a Welch test when needed).

differences that are partly related to intrinsic properties of
pacemaker activity also occur in isolated SAN (basal
frequency of 193, 208 and 90 APsmin !, in rabbit, guinea-
pig and pig, respectively). In fact, it is now clear that the
spontaneous beating rate of the SAN reflects the heart rate
measured in vivo (Ono et al., 2003; Satoh, 2003). In these
different species, I current, activated by hyperpolarization in
isolated SAN cells, was found to contribute to the diastolic
depolarization in the pacemaker range (—45 to —65mV)
(Satoh, 2003), even though the large variation in the
frequencies of the spontaneous beating rates between the
species might be due, at least in part, to differences in
repolarizing potassium channels, especially Ix,; and Ixs (Ono
et al., 2003). Using a concentration previously shown to
exert maximal decrease in the frequency of the spontaneous
beating of rabbit SAN (3uM) (Thollon et al., 1994), we
demonstrated that the reduction of pacemaker APs firing
rate is stronger in guinea-pig than in rabbit and that these
effects are more marked than in pig, suggesting a possibly
greater contribution of Iy current to pacemaker activity in the
small species. In the swine SAN, ivabradine reduced the
spontaneous firing of APs by approximately 15% (—13 APs),
an effect that can be achieved in humans at therapeutic
doses (Ragueneau et al., 1998; Borer et al., 2003; Tardif et al.,
2005).

In conclusion, HCN4 is the main isoform expressed in
hSAN and ivabradine blocked this channel in a purely use-
dependent way with an ICs, of 0.54 M. This use-dependence
is consistent with slowly developing effect of ivabradine in
vitro in SAN preparations and right atria. Although increas-
ing pulsing frequency improves the kinetics of inhibition of
hHCN4 current by ivabradine in CHO cells, the direct link
between the greater efficiency in species with higher basal

beating rate and the use-dependency of ivabradine remains
to be demonstrated.
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