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1 Ivabradine selectively reduces heart rate (HR) by inhibiting the cardiac pacemaker If current, thus
prolonging the duration of spontaneous depolarization in the sinus node. The activity of ivabradine
under conditions of enhanced sympathoadrenergic activity has been addressed by investigating the
effects of repeated oral administration in mice with sympathoadrenergic activation due to either stress,
cardiac-restricted overexpression of b2-adrenergic receptors (b2AR), or b-agonist administration. HR
and left ventricular fractional shortening (FS) were determined by echocardiography.

2 Initial experiments showed that the conscious restrained state was associated with stress-mediated
sympathetic activation, while sympathetic withdrawal occurred under anaesthetized conditions. In
wild-type mice, ivabradine reduced HR under both conscious and anaesthetized states, with a similar
degree in absolute reduction under both states. FS was unchanged by the treatment.

3 Ivabradine was similarly effective in reducing HR in the b2AR transgenic mice. Further,
ivabradine at 10mg kg�1 day�1 reduced the maximal HR increase in response to the b-agonist
isoproterenol, without modifying the response of contractile parameters.

4 These data indicate that oral administration of ivabradine in mice reduces HR while ventricular
performance is maintained. This specific HR-reducing action of ivabradine is well preserved under
conditions that are associated with significant activation of the sympathoadrenergic system.
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Introduction

An increase in heart rate (HR) is a common occurrence in

cardiac pathophysiology, particularly in heart failure,

mediated by b-adrenergic receptors (bARs) following activa-

tion of the sympathetic nervous system (Cohn, 1990; Kaye

et al., 1995; Borer et al., 2003). Although an elevated HR may

initially compensate for insufficient cardiac output, sustained

tachycardia usually leads to adverse haemodynamic conse-

quences. The long-term use of b-blockers in heart failure is

associated with improved contractile function, which is likely

due to the prevention of altered gene expression and

cardiomyocyte loss and to the partial reversal of down-

regulated bARs (Bristow, 2000). However, additional benefit

from b-blockade arises from a reduction in HR with prolonged

diastolic coronary perfusion period and reduction in energy

expenditure. Thus, an elevated HR may impair ventricular

diastolic filling, compromise coronary blood flow and increase

myocardial oxygen demand. Indeed, there is evidence that the

beneficial action of b-blockade in dogs or patients with heart

failure is at least partly due to its HR-lowering effect (Packer

et al., 1996; Nagatsu et al., 2000). Thus, HR reduction per se

emerges as a potential therapeutic target for heart disease.

Ivabradine (S16257) is a novel pharmacological agent

specifically inhibiting the hyperpolarization-activated pace-

maker If current that underlies the rate of spontaneous diastolic

depolarization in sinoatrial pacemaker cells (Thollon et al.,

1994; Bucchi et al., 2002). Previous studies have established the

selective HR-reducing activity of ivabradine devoid of negative

inotropic effect in various species, including the rat, pig, dog

and human, when given intravenously (Thollon et al., 1994;

Simon et al., 1995; Monnet et al., 2001; Colin et al., 2002;

Camm & Lau, 2003) or orally (Borer et al., 2003). Antianginal

and anti-ischaemic effects of ivabradine have been demon-

strated in patients with stable angina (Borer et al., 2003).

Although ivabradine is able to reduce HR under conditions of

exercise (Simon et al., 1995; Monnet et al., 2001; Colin et al.,

2002; Borer et al., 2003), there has been limited information on

the efficacy of ivabradine in HR reduction under other

conditions of enhanced sympathoadrenergic activity, a situa-

tion commonly seen under diseased conditions. In this study,

we have investigated the effects of oral ivabradine on HR in the

mouse with enhanced sympathoadrenergic activity due to (1)

stress-evoked sympathetic activation, (2) cardiac specific over-

expression of b2AR and (3) b-agonist stimulation.

Methods

Animals

Transgenic (TG) mice with cardiac-restricted overexpression

of b2AR by 200-fold and their nontransgenic (NTG) litter-
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mates of both genders were used (Milano et al., 1994). Animals

of 3–4 months age had a genetic background of C57BLK/SJL

crossing and were individually genotyped. The TG mice have a

life-time tachycardia phenotype due to constitutively activated

b2-adrenergic signalling, with a marked increase in receptor

density (Bond et al., 1995; Du et al., 1996). The NTG and TG

mice were housed one to three per cage, with a 12 h/12 h day/

night cycle, and with free access to water and chow diet.

Animals assigned to treated or untreated group had a similar

male/female ratio and the group size was eight for all

experiments. Experimental procedures used in this study were

approved by a local animal ethics committee.

Ivabradine treatment and assay of plasma drug levels

Ivabradine hydrochloride (MW 505.1) (3-(3-{[((7S)-3,4-di-

methoxybicyclo[4,2,0]octa-1,3,5-trien-7-yl) methyl]methylami-

no}propyl)-1,3,4,5-tetrahydro-7,8-dimethoxy-2H-3-benzazepin-

2-one, hydrochloride) was supplied by the Institut de

Recherches Internationales Servier (France). The drug was

added to drinking water and the amount of water consumed by

animals was measured weekly to ensure the desired dose of

drug was taken. Untreated animals were similarly monitored.

Fresh drug solution was prepared weekly.

Blood was collected during treatment to assess the plasma

levels of ivabradine in the NTG and TG mice using a validated

method involving liquid chromatography with fluorimetric

detection (Klippert et al., 1998). The detection limit of the

assay was 2.50 ngml�1 (equal to 0.005mM l�1).

Echocardiography

A Hewlett-Packard Sonos 5500 ultrasound machine and a

15MHz linear transducer were used for echocardiography, as

described previously (Du et al., 2000; Gao et al., 2000). Short-

axis 2-D image-guided M-mode traces of the left ventricle (LV)

were acquired and HR was measured digitally from the

duration of consecutive beats at a sweep speed of 100mms�1.

Fractional shortening (FS) of the LV was calculated as

[(LVDd�LVDs)/LVDd]� 100%, where LVDd and LVDs

refer to LV diastolic and systolic diameters, respectively.

Absolute thickening of the LV wall during contraction was

used as an alternative estimation of contractile function (Du

et al., 2000). Animals were trained on three separate sessions 3

days prior to echocardiographic examination to acclimatise

them to experimental conditions of conscious echocardiogra-

phy, as described by others (Yang et al., 1999).

Statistics

Results are means7s.e.m. Between-group differences were

compared by analysis of variance (ANOVA) followed by

unpaired t-test. A P-value o5% was considered statistically

significant.

Results

We initially evaluated sympathetic and parasympathetic

activities in conscious NTG and TG mice restrained for

echocardiography or anaesthetized with ketamine/xylazine

(KX, 80/20mg kg�1, respectively, i.p). Cardiac autonomic

activities were determined from the effects of the b-agonist
isoproterenol (Abbott Laboratory Ltd, 4 mg kg�1, i.p.), the b1-

antagonist atenolol (Sigma Co, 5mgkg�1, i.p.) and the

muscarinic antagonist atropine (Pharmacia & Upjohn,

1.2mg kg�1, i.p.). In restrained conscious mice of both

genotypes, HR ranged between 710 and 760 b.p.m., a maximal

level for this species (P¼NS for the comparison between NTG

and TG mice), and neither isoproterenol or atropine altered

HR. However, the b-blocker atenolol significant reduced HR

in both NTG and TG groups (Figure 1). NTG mice

anaesthetized with KX had a markedly lower HR compared

with the conscious state and responded to both isoproterenol

and atropine with significant increase in HR, but did not

respond to atenolol. KX-anaesthetized TG mice had signifi-

cantly higher basal HR level than the NTG group (Po0.001).

These mice did not respond to isoproterenol but had HR

reduction in response to atenolol, indicating an intrinsic

adrenergic activation that kept a higher HR under the

conditions studied. Atropine under KX-anaesthetized condi-

tions significantly increased HR-suggesting a parasympathetic

activation. Thus, conscious mice subjected to echocardio-

graphic examination had maximal sympathetic activation and

parasympathetic withdrawal due to stress. Therefore, in all

subsequent experiments under anaesthetized conditions, atro-

pine was added to minimize the vagal effect.

To evaluate the plasma level of ivabradine achieved by the

oral dosing, plasma samples were prepared from three groups

Figure 1 Validation of experimental conditions for measurement
of HR by echocardiography in NTG (upper panel) and TG (lower
panel) mice under conscious and restrained conditions or anaes-
thetized with a mixture of ketamine and xylazine (KX, 80/
20mgkg�1, respectively, i.p.). Autonomic nervous control of HR
under the experimental conditions was examined by the use of the b-
blocker atenolol (5mg kg�1, i.p.), the b-agonist isoproterenol
(4 mg kg�1 i.p.) and the muscarinic angatonist atropine (1.2mg kg�1

i.p.). N¼ 8 for all groups. *Po0.01 vs baseline.
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of NTG mice treated with ivabradine at 5, 10 and 20mgkg�1,

respectively, for 1 week. Ivabradine levels in plasma were

detectable (42.50 ngml�1, 0.005mM l�1) in most samples and

in proportion to the oral dosages (Figure 2).

We then assessed the effect of ivabradine on HR in NTG

and TG mice treated for 1 week with ivabradine at three doses

of 5, 10 and 20mgkg�1 day�1. Echocardiography was

performed under both conscious and anaesthetized (keta-

mine/xylazine/atropine, KXA, at 80/20/0.6mgkg�1, respec-

tively, i.p.) conditions. Untreated NTG and TG animals served

as controls. A significant HR-lowering effect of ivabradine was

evident at oral doses X5mg kg�1 day�1 (Figure 3), leading to

plasma ivabradine levels of approximately 0.01mM or higher.

Although the mice treated with ivabradine at 5mgkg�1 day�1

showed the least reduction in HR in comparison with higher

dosages, overall a dose-effect relation was not observed under

our experimental conditions. The HR-reducing activity of

ivabradine was similar in KXA or pentobarbitone anaesthe-

tized states, or when animals were studied in the morning or

afternoon (Figure 3), indicating an action independent of

anaesthetics and a lack of circadian variation in efficacy.

Ventricular contractile function, estimated by FS and LV wall

thickening, was not altered in the NTG or TG mice treated

with ivabradine at any dose compared with untreated counter-

parts (data not shown). Although HR reduction might be

more pronounced at 20mgkg�1 day�1 (drug concentration in

drinking water was 200mg l�1), this dose was associated with a

palatability problem leading to a 40% reduction in water

intake. Unchanged water consumption was observed in mice

treated at 5 or 10mgkg�1 day�1.

To confirm the long-term effect of ivabradine at

10mgkg�1 day�1, in one group of TG mice, we extended the

treatment to 2 months and observed that the HR reduction by

ivabradine was well maintained at the end of the 2-month

period (conscious: 68679 vs 761711 b.p.m., Po0.001;

anaesthetized with KXA: 508729 vs 582718 b.p.m.,

Po0.05). FS was similar between treated and untreated TG

mice in both conscious (5371 vs 5271%) and anaesthetized

states (4372 vs 4073%, both P¼NS).

In a further experiment, we examined the effect of

ivabradine on the HR response to isoproterenol (4 mg kg�1)

in two groups of NTG mice: with one group treated with

ivabradine for 1 week at 10mg kg�1 day�1 and another group

with atenolol for 1 week at 2mg kg�1 day�1. Animals were

anesthetized with KXA and echocardiography was performed

at baseline and 3min after injection with isoproterenol.

Baseline HR was lower in ivabradine-treated than in untreated

animals by approximately 20%, but FS and wall thickening

were not different (Figure 4). In untreated animals, both HR

and FS increased by about 50% and wall thickening doubled

in response to isoproterenol (both Po0.001). Although the

ivabradine-treated mice were able to respond to isoproterenol

with a 45% increase in HR, the absolute increment and the

maximum level of HR were significantly lower than in control

mice (both Po0.01). In the presence of isoproterenol, FS level

was only slightly, although significantly, lower and wall

thickening was unchanged compared with the untreated mice.

The responses of HR, FS and wall thickening to isoproterenol

were abolished by treatment with atenolol. These data suggest

that ivabradine selectively reduces HR without changes in

ventricular performance under basal and b-adrenergic stimu-

lated conditions, while the HR-reducing effect of atenolol is

associated with a reduced LV contractility, consistent with its

negative inotropic effects.

Discussion

We aimed to demonstrate the HR-reducing effect of ivabra-

dine given orally in the mouse under conditions that were

associated with sympathoadrenergic activation, including

restraint-mediated stress, cardiac-restricted overexpression of

b2AR, and the use of the b-agonist isoproterenol. Ivabradine
reduced HR under all these conditions. However, a correlation

between plasma levels of ivabradine and HR-lowering potency

was not evident. The efficacy observed was up to a 20%

Figure 2 Plasma levels of ivabradine in NTG mice receiving drug
treatment at different doses for 1 week. Plasma concentration of
ivabradine was dose-dependent. N¼ 8 per group.

Figure 3 Reduction in HR by oral ivabradine in the NTG (N¼ 8
per group) and TG (N¼ 8 per group) mice studied under conscious
and anaesthetized conditions. All data obtained were collected in the
afternoon unless indicated as a.m. (morning). Note that this effect of
ivabradine is independent of the time (i.e. morning or afternoon)
and anaesthetics tested. Pento¼pentobarbitone. HR levels were
significantly higher in TG than NTG mice under anesthetized
conditions. *Po0.05, #Po0.01 vs untreated group.
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reduction in HR at doses of 10 and 20mgkg�1 day�1, limited

by the palatability of ivabradine being administered via

drinking water, and not associated with changes in FS. This

is consistent with the lack of negative inotropic effect of this

drug reported in other animal species as well as in humans

(Simon et al., 1995; Thollon et al., 1997; Monnet et al., 2001;

Colin et al., 2002). Further, this study has provided evidence

that ivabradine reduces HR well under conditions where HR is

elevated by sympathoadrenergic activation.

Among the time-dependent ionic currents that determine the

rate of diastolic depolarization, the hyperpolarization-acti-

vated inward rectifier current If is considered to be the most

important (Catterall et al., 1991; DiFrancesco, 1991; 1995). It

is interesting to observe that in the mice treated orally with

ivabradine for 1 week, reduction in HR was detectable with

ivabradine plasma level in the range of 0.01–0.04mM. In vitro

patch-clamp studies showed that the IC50 for the If blockade by

ivabradine is 1.5–2.2 mM (Bois et al., 1996; Thollon et al., 1997;

Bucchi et al., 2002).

HR as well as If current are directly modulated by

sympathetic and parasympathetic activities (DiFrancesco

et al., 1989; DiFrancesco & Tortora, 1991; Guth & Dietze,

1995). It has been shown that If current of sinoatrial node

pacemaker cells is affected by adrenergic stimulation (Di-

Francesco & Tortora, 1991) and that ivabradine is a use-

dependent If current blocker (Bois et al., 1996; Bucchi et al.,

2002). Therefore, it is expected that the efficacy of ivabradine

on HR would be modulated by alterations in the sympathetic

activity. In the present study, we provided evidence for a

complete sympathetic withdrawal in anaesthetized NTG mice,

and a full activation of sympathetic nervous activity in

restrained conscious mice. Interestingly, ivabradine effectively

reduced HR under both settings, with similar degree of

absolute HR reduction. We further showed a HR-lowering

action of ivabradine under conditions in which HR was driven

by an enhanced b-adrenergic signalling pathway due either to

transgenic overexpression of b2AR in the heart or administra-

tion of isoproterenol. Ivabradine differs from other bradycar-

diac agents, such as b-blockers, in that its HR-lowering

activity is maintained under both basal and stressed conditions

in the NTG mice as well as in the b2-AR TG mice. Thus, at

least in the mouse, the selective HR-lowering activity of

ivabradine appears independent of autonomic nervous activity

that might alter HR levels and its sensitivity to drugs. This is in

keeping with previous reports that ivabradine reduces HR in

dogs and in patients with documented stable angina both at

rest and during exercise (Monnet et al., 2001; Colin et al., 2002;

Borer et al., 2003), unlike b-antagonists that lower HR largely

depending on the level of sympathetic tone (Colin et al., 2002).

In the clinical setting, activation of the sympathetic nervous

system is a hallmark of heart failure and the consequent HR

elevation could lead to adverse consequences (Cohn, 1990).

Persistent rapid pacing in larger laboratory species can cause

cardiomyopathy and heart failure (Packer et al., 1986;

Calderone et al., 1991). Although b-blockers yield a number

of changes that may ultimately contribute to the overall

efficacy in the setting of heart failure, reduction in HR by b-
blockers can reduce myocardial oxygen consumption and

prolong diastolic period with increased coronary blood flow.

Packer et al. (1996) have shown, in heart failure patients, that

the higher the pretreatment HR levels, the greater the efficacy

of the b-blocker carvedilol. The adverse outcome in trials of b-
antagonists with intrinsic sympathomimetic activity may be

related to insufficient reduction in HR than that of drugs

without such activity (Cleland et al., 1996). In an experimental

heart failure model, preventing HR reduction by pacing largely

abolished the beneficial effects of b-blockade (Nagatsu et al.,

2000).

Despite a marked HR-lowering activity of ivabradine,

studies in other species have shown that this drug does not

have any negative inotropic effect (Gardiner et al., 1995;

Simon et al., 1995; Colin et al., 2002). In the present study, this

was found to be the case in the mouse, as estimated from an

unchanged FS and wall thickening under various conditions.

Therefore, ivabradine is unique in that it selectively reduces

HR with no negative inotropic action in vivo in mice under the

Figure 4 Effects of oral ivabradine (10mgkg�1 day�1 for 1 week)
and atenolol (2mg kg�1 day�1 for 1 week) on HR, fractional
shortening (FS) and wall thickening in anaesthetized NTG mice
and the response to administration of the b-agonist isoprotorenol
(Isop, 4mg kg�1, i.p.). Animals were anaesthetized with a mixture of
ketamine/xylazine/atropine. In ivabradine-treated mice, HR levels at
baseline and during b-agonist stimulation were about 25% lower
than control, whereas FS and wall thickening were largely
unaffected. In the mice treated with atenolol, responses of HR, FS
and wall thickening to isoproterenol were abolished. N¼ 8 per
group. *Po0.05 vs respective control values. #Po0.05 vs respective
values of ivabradine-treated group.

110 X.-J. Du et al Ivabradine lowers heart rate in mice

British Journal of Pharmacology vol 142 (1)



conditions studied. While b-blockers are clearly beneficial in

heart failure, the accompanying negative inotropic activity of

b-blockade is a concern in patients with decompensated heart

failure (Cleland et al., 1996; Bristow, 2000; Borer et al., 2003).

Perhaps the more suitable situation that favours the use of

HR-lowering agents would be cases with profound reduction

in cardiac function and with marked sensitivity to b-blockade.
On the other hand, patients with decompensated heart failure

showed clear haemodynamic benefits from the acute use of b-
agonists, but the tachycardia is an unwanted effect. As shown

in Figure 4, combined use of ivabradine and isoproterenol

achieved significant inotropic enhancement, but with the

chronotropic action to isoproterenol diminished. Thus, this

combination is likely to yield better haemodynamic benefit to

heart failure patients.

From its known mechanism of action, ivabradine should

have no significant effect on potential non-sinoatrial node

pacemaker sites and therefore the theoretical basis for

unmasked ectopic activity exists. Electrophysiological studies

have shown that ivabradine lowers HR without causing

changes in conductivity, refractoriness or repolarization

duration of atria-ventricular node, and ventricular Purkinje

system (Thollon et al., 1997; Camm & Lau, 2003). This

specificity of ivabradine on sinoatrial node differs from b-
blockers that suppress the automaticity of both sinoatrial node

and the ectopic sites. While ivabradine has been safely used,

both clinically and experimentally, under conditions of acute

myocardial ischaemia (Monnet et al., 2001; Borer et al., 2003),

a situation associated with increased risk of ectopic arrhyth-

mias, arrhythmia was not the end point in these studies. As we

are aware, there has been no study to test whether ivabradine

affects ectopic automaticity. Further study is required to

address this question especially in the setting of an augmented

sympathoadrenergic activity.

With the generation of a large number of gene-targeted

mouse strains, the mouse has become one of the most

commonly used animal species for research on heart disease.

Of interest are the reports of tachycardiac phenotypes being

associated with cardiomyopathy and heart failure in several

strains of mice (Emanueli et al., 1999; Engelhardt et al., 1999;

Du et al., 2000; Liggett et al., 2000; Hardt et al., 2002). The

demonstration of the HR-lowering action of oral ivabradine in

the mouse indicates the possibility of studying the role of an

increased HR in the development of cardiomyopathy pheno-

types by administrating HR-reducing agents.

In summary, this study has shown that ivabradine, when

given orally, reduces HR without influencing LV contractile

function. This action of ivabradine in HR reduction is well

preserved under conditions that are associated with significant

activation of the sympathoadrenergic system.

This work was supported by Institut de Recherches Internationales
Servier, France.
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