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Abstract

To evaluate the potency of levosimendan, a newly developed cardiotonic agent, as a phosphodiesterase-3 inhibitor, we examined its

effects on the L-type Ca2+ current (ICa,L) in single human atrial cells using the whole-cell voltage-clamp method. Levosimendan significantly

increased ICa,L in a concentration-dependent manner (Emax, 139.0F 1.8%; EC50, 54F 3.6 nM). The increase in ICa,L induced by 1 mM
levosimendan was significantly greater in human atrial cells (136.7F 11.0%, n = 8) than in rabbit atrial cells (23.5F 3.5%, n = 6)

(depolarization to + 10 mV in each case). In rat atrial and ventricular cells, ICa,L was unaffected by 1–10 mM levosimendan. These results

indicate that the selective phosphodiesterase-3 inhibitor levosimendan increases cardiac-cell ICa,L significantly more strongly in human than

in rabbit and rat. It seems likely that the positive inotropic effect of levosimendan on the human myocardium depends on an increase in ICa,L
that is modulated by adenosine 3V5V-cyclic monophosphate (cAMP)-dependent phosphorylation. D 2002 Elsevier Science B.V. All rights

reserved.
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1. Introduction

(R)-([4-(1,4,5,6-tetrahydro-4-methyl-6-oxo-3-pyridazi-

nyl)phenyl]-hydrazono)-propanedinitrile (Levosimendan)

(for review, see Pagel et al., 1996) was originally identified

as a compound that binds selectively to cardiac troponin C

during high-performance liquid chromatography on a tropo-

nin-C-coupled affinity column (Haikala et al., 1995a). It has

been shown that levosimendan has Ca2+ -sensitizing activity

in preparations isolated from guinea-pig (Edes et al., 1995;

Haikala et al., 1995b) and human (Hasenfuss et al., 1995)

hearts. It has been proposed that levosimendan binds to the

amino-terminal region of troponin C to stabilize the Ca2+ -

induced change in the conformation of the protein (Pollesello

et al., 1994), an action that may be responsible for this drug’s

positive inotropic action. It has also been reported that le-

vosimendan binds to troponin C in a Ca2+ -dependent man-

ner, binding to it at the systolic intracellular Ca2+

concentration ([Ca2+ ]i) and detaching from it at the diastolic

[Ca2+ ]i (Haikala et al., 1995a,b). Hence, among Ca2+ sen-

sitizers, levosimendan has a unique property: it does not im-

pair cardiac relaxation.

It was shown a decade ago that in vitro, levosimendan

inhibits phosphodiesterase-3 activity selectively and more

potently than milrinone (Raasmaja et al., 1991). In guinea-

pig intact-heart preparations, it has been demonstrated that

levosimendan increases the level of 3V5V-cyclic monophos-

phate (cAMP) as well as the heart rate and the amplitude of

the L-type Ca2+ current (ICa,L), suggesting the involvement

of a cAMP-dependent mechanism of action in ventricular

cells in this species (Edes et al., 1995; Boknı́k et al., 1997).

However, ICa,L was not affected by levosimendan at concen-

trations between 0.2 and 10 mM in rat ventricular cells

(Yokoshiki et al., 1997). Hence, it remains unclear whether

levosimendan acts mainly as a Ca2+ sensitizer or as a

phosphodiesterase-3 inhibitor in exerting a positive inotropic

influence on the myocardium (Todaka et al., 1996; Boknı́k et

al., 1997; Haikala et al., 1997). Furthermore, little or no

detailed electrophysiological information on the effects of

levosimendan on ICa,L has been published, certainly not in

single human cardiac cells. Since the activity of the cardiac

ICa,L is strongly regulated by cAMP-dependent phosphory-

lation, the measurement of ICa,L in isolated cardiac myocytes
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can be used as a probe for studying the efficacy of phos-

phodiesterase inhibitors.

In the present study, to enable us to evaluate the potency

of levosimendan as a phosphodiesterase-3 inhibitor, we

examined its effects on ICa,L in single human atrial cells

using the whole-cell voltage-clamp method.

2. Material and methods

2.1. Preparation of single cells

The cell-isolation procedure for human atrial myocytes

was derived from a technique described previously (Escande

et al., 1987; Sakai et al., 1995; Kajimoto et al., 1997; Seki et

al., 1999). Small segments of myocardium sampled from

right atrial appendages were obtained at the time of open-

heart surgery, in accordance with the institutional guidelines

for research on human subjects (Sakai et al., 1995). Each

patient had a normal right atrial pressure and a normal sinus

rhythm and was between 2 and 75 years of age. The clinical

diagnosis was congenital heart disease in 21 patients and

ischaemic heart disease in one patient. None of the patients

were on medications such as Ca2+ channel blockers, b-adre-
noceptor antagonist or phosphodiesterase inhibitors. In brief,

each segment of human myocardium was cut into pieces and

incubated in warm Tyrode’s solution for 10 min. The strips

were then cut into even smaller pieces and left in nominally

Ca2+ -free Tyrode’s solution for 17 min. They were then

transferred to a nominally Ca2+ -free Tyrode’s solution con-

taining 0.8 mg/ml collagenase (Yakult, Tokyo, Japan) with 1

mg/ml protease (Type 27, Sigma, St. Louis, MO, USA) for

70–80 min at 37.0 �C. The collagenase was then washed out
by rinsing with high K+ , low Cl � solution (Isenberg and

Klöckner, 1982) and the digested tissue was stored in the

same solution. For the rabbit atrium, the method of cell iso-

lation by the use of enzymes was as described elsewhere

(Hagiwara et al., 1992a,b). All procedures complied with

institutional guidelines governing animal experimentation.

2.2. Electrical recordings

The whole-cell voltage-clamp method used here was the

same as one described previously (Hamill et al., 1981;

Hagiwara et al., 1992a,b). Patch pipettes were pulled from

1.25 mm borosilicate capillaries (D941-8.5-85 Clinitubes:

Radiometer, Copenhagen, Denmark). The resistance of each

electrode, when filled with the pipette solution, was in the

range 2–3 MV. The amplifier (TM-1000; ACT ME Labo-

ratory, Tokyo, Japan) employed a 100-MV feedback resistor

and series resistance was partially compensated. The cur-

rent–voltage (I–V) signals were stored on a video recorder

(S-6000; Victor, Tokyo, Japan), with a PCM converter sys-

tem (RP-880; NF Electronic Instruments, Tokyo, Japan)

being used for computer analysis (PC 9801 RA; NEC,

Tokyo, Japan). The current signals were fed from the video

recorder to the computer via a 2.5-kHz, eight-pole Bessel-

type low-pass filter. The liquid junction potential (� 7.5

mV) between the pipette and the bathing solutions was cor-

rected. For recording ICa,L, the cells were usually depolarized

every 10 s from a holding potential of � 40 mV to a test

potential of + 10 mV for 300 ms. This test pulse was based

on the voltage corresponding to the peak current in the I–V

relationships obtained in both the control situation and after

application of levosimendan or 3-isobutyl-1-methylxanthine

(IBMX). No leakage correction was applied. To avoid the

effects of current run-down, the measurement of ICa,L during

the cumulative application of drugs was performed within a

10–20 min experimental period. Under our experimental

conditions, ICa,L was stable over experimental periods of this

length. ICa,L was measured as the peak inward current. From

a holding potential of � 40 mV, ramp pulses of amplitude

F 90 mV (0.72 V/s) were applied to enable measurement of

cell-membrane capacitance (Hagiwara et al., 1992a). The

value so obtained was 72.9F 25.3 pF (n = 11). Experiments

were performed at 37F 0.5 �C.

2.3. Solutions

The normal Tyrode’s solution contained (in mM): 136.9

NaCl, 5.4 KCl, 1.8 CaCl2, 0.33 NaH2PO4, 5 glucose and 5

HEPES (pH= 7.4 with NaOH). The standard pipette solu-

tion contained (in mM): 120 CsOH, 20 CsCl, 100 aspartic

acid, 10 EGTA, 2 MgCl2, 5 Mg-ATP, 5 K2-creatine phos-

phate, 0.2 Na-GTP and 5 HEPES (pH= 7.4 with CsOH).

The standard external solution contained (in mM): 150

NaCl, 1.8 CaCl2, 0.5 MgCl2 and 5 HEPES (pH = 7.4 with

NaOH; Kajimoto et al., 1997).

2.4. Drugs

Levosimendan was kindly provided by Orion-Farmos

(Espoo, Finland) and dissolved in dimethyl sulphoxide

(DMSO) as a 100 mM stock solution. IBMX (Sigma) was

dissolved inDMSO and prepared as a 100mM stock solution.

In this study, the concentration of DMSO did not exceed

0.1%; this concentration was found to have no effect on ICa,L.

2.5. Statistical analysis

All statistical data are given as meanF S.E.M. Paired and

unpaired Student’s t-tests were used to evaluate the statis-

tical significance of differences between means. Values of

P < 0.05 were considered to indicate statistical significance.

3. Results

3.1. Effect of levosimendan on ICa,L in human atrial cells

To evaluate the inhibitory effect of levosimendan on

phosphodiesterase-3, we examined its effect on the ICa,L in
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human atrial myocytes. Fig. 1 illustrates these effects at

various membrane potentials (from a holding potential of

� 40 mV). Superfusing the particular cell illustrated in Fig.

1A with 1 mM levosimendan increased ICa,L from 1030 pA

(A-1) to 2213 pA (A-2) at + 10 mV within 2 min. The

current–voltage (I–V) relationships (Fig. 1B) showed that

at 1 mM levosimendan, ICa,L was increased at every mem-

brane potential and that the I–V relationship was shifted

leftwards. In eight human atrial cells, 1 mM levosimendan

increased ICa,L by 136.7F 11.0% at + 10 mV (from 10.4 to

24.7 pA/pF).

The dose–response relationship for the increase in ICa,L
produced by levosimendan is illustrated in Fig. 2. In this

experiment, 0.01, 0.1, 1 and 10 mM levosimendan increased

Fig. 1. Current–voltage relationships for ICa,L before and after application of

1 mM levosimendan in human atrial cells. (A) ICa,L elicited by depolarizing

pulses from a holding potential of � 40 mV to � 10, + 10 and + 30 mV for

300 ms in control (A-1) and in the presence of 1 mM levosimendan (A-2).

This dose of levosimendan increased ICa,L from 1030 pA (A-1) to 2213 pA

(A-2) on depolarization to + 10 mV in this particular cell. (B) I–V rela-

tionships for ICa,L before (open circles) and after application of 1 mM
levosimendan (closed circles) in eight human atrial cells. ICa,L was increased

at every membrane potential examined and the I–V relationship was shifted

leftwards by this concentration of levosimendan.

Fig. 2. Dose–response relationship for the effect of levosimendan on ICa,L in

human atrial cells. (A) ICa,L was increased from 305 pA (a) to 349 pA (b), 651

pA (c) and 785 pA (d) by 10 nM, 100 nM and 1 mM levosimendan, res-

pectively, in this particular cell (in each case, on depolarization to + 10 mV

from a holding potential of � 40 mV). (B) Dose–response relationship

derived by a nonlinear least-squares fit of the values for mean percentage

increase in ICa,L to the Hill equation: %increase =Emax/[1+(EC50/D)
nH],

where Emax is the maximal effect, D is the concentration of levosimendan,

EC50 is the concentration of levosimendan that causes a half-maximal current

and nH is the Hill coefficient. Numbers in parenthesis indicate the number of

experiments. The values of Emax and EC50 obtained from this curve were

139.0F 1.8% and 54F 3.6 nM, respectively. Calculated value of nH was

1.1F 0.1. Data-points show the mean values and vertical bars the S.E.M.
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ICa,L by 14.2F 3.0% (n = 9), 90.4F 12.0% (n = 9),

136.7F 11.0% (n = 8) and 140.0F 8.2% (n = 7), respec-

tively, in human atrial cells. The curve (Fig. 2B) was deri-

ved by making a nonlinear least-squares fit of the values for

mean percentage increase in ICa,L to the Hill equation. The

values obtained by this method for Emax and EC50 were

139.0F 1.8% and 54F 3.6 nM, respectively. The increases

in ICa,L induced by levosimendan did not depend on the

patient’s disease or age.

3.2. Effect of a non-specific phosphodiesterase inhibitor,

IBMX, on ICa,L in human atrial cells

IBMX, a potent phosphodiesterase inhibitor found in the

mammalian myocardium, inhibits all four phosphodiester-

ase isoenzymes (Bethke et al., 1992; Cheffoy et al., 1992).

We therefore investigated the effect of IBMX on ICa,L in

human atrial cells to compare it with the effect of levosi-

mendan. Fig. 3A shows the effects of various concentrations

of IBMX on ICa,L at + 10 mV (from a holding potential of

� 40 mV) in a human atrial cell. In this cell, ICa,L was

increased from 337 pA (a) to 399 pA (b), 543 pA (c), 877

pA (d) and 1403 pA (e) at concentrations of 0.1, 1.0, 10 and

100 mM IBMX, respectively.

The dose–response relationship for the increase in ICa,L
produced by IBMX is illustrated in Fig. 3B. In eight human

atrial cells, 0.1, 1, 10 and 100 mM IBMX increased ICa,L by

Fig. 3. Dose–response relationship for the effect of IBMX on ICa,L in human

atrial cells. (A) ICa,L was increased from 337 pA (a) to 877 pA (d) by 10 mM
IBMX and to 1403 pA (e) by 100 mM IBMX in this particular cell (in each

case, on depolarization to + 10 mV from a holding potential of � 40 mV).

(B) Dose– response relationship derived by a nonlinear least-squares fit of

the values for mean percentage increase in ICa,L to the Hill equation. Ordinate

represents percentage increase in ICa,L over and above the size of the control

response. The values of Emax, EC50 and nH for IBMX obtained from this

curve were 263.7F 9.2%, 15.5F 1.9 mM and 1.3F 0.2, respectively. Data-

points show the mean values and vertical bars the S.E.M. (n= 8).

Fig. 4. Current–voltage relationships showing effect of levosimendan on

ICa,L in rabbit atrial cells. (A) ICa,L elicited by 300 ms depolarizing pulses

from a holding potential of � 40 mV to � 10, + 10 and + 30 mV in control

(A-1) and in the presence of 1 mM levosimendan (A-2). This dose of

levosimendan increased ICa,L from 359 pA (A-1) to 430 pA (A-2) on

depolarization to + 10 mV. (B) I–V relationships for ICa,L before (open

circles) and after application of 1 mM levosimendan (closed circles) in six

rabbit atrial cells. The I–V relationships showed that ICa,L was increased by 1

mM levosimendan at every membrane potential examined. Inset bar graph

shows the percentage increases in ICa,L induced by 1 mM levosimendan

(n= 6) and 100 mM IBMX (n= 10) in rabbit atrial cells.
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7.2F 2.1%, 21.1F 4.8%, 103.3F 10.7% and 266.7F
20.5%, respectively. The curve was derived by making a

nonlinear least-squares fit of the values for mean percentage

increase in ICa,L to the Hill equation. The values obtained by

this method for Emax and EC50 were 263.7F 9.2% and

15.5F 1.9 mM, respectively, in human atrial cells. These re-

sults indicated that the EC50 value obtained for the enhance-

ment of ICa,L by levosimendan was significantly lower than

the equivalent for IBMX.

3.3. Effects of levosimendan on ICa,L in rabbit atrial cells

To compare the inhibitory effects of levosimendan on

phosphodiesterase-3 between different species, we also

examined its effect on ICa,L in rabbit atrial myocytes.

Fig. 4 illustrates the effects of levosimendan on ICa,L at

various membrane potentials (from a holding potential of

� 40 mV) in rabbit atrial cells. Superfusing the particular

cell illustrated in Fig. 4Awith 1 mM levosimendan increased

ICa,L from 359 pA (Fig. 4A-1) to 430 pA (Fig. 4A-2) at + 10

mV within 2 min. In six rabbit atrial cells, 1 mM levosi-

mendan increased ICa,L by 23.5F 3.5% at + 10 mV. We

next examined the effect of IBMX on ICa,L in rabbit atrial

cells. At 100 mM, IBMX increased ICa,L by 241.9F 28.7%

(n = 10, Fig. 4, inset). This enhancement was not signifi-

cantly different from that seen with the same concentration

of 100 mM IBMX in human atrial cells (266.7F 20.5%).

These results indicated that while the effect of levosimendan

in increasing ICa,L was significantly greater in human than in

rabbit atrial cells, the effect of IBMX was not significantly

different between these two species.

In a similar experiment on rat ventricular cells (n = 6) and

atrial cells (n = 4), we found that 1–10 mM levosimendan

had no effect on ICa,L (results not illustrated), suggesting that

the effect of this phosphodiesterase-3 inhibitor on ICa,L is

species-dependent.

4. Discussion

Levosimendan was originally identified as a compound

that binds selectively to cardiac troponin C (Haikala et al.,

1995a) and soon it was found to show Ca2+ -sensitizing

activity in preparations isolated from guinea-pig (Edes et

al., 1995; Haikala et al., 1995b) and human (Hasenfuss et al.,

1995) hearts. Although levosimendan targets troponin C, this

may not be its only mechanism of action. Several previous

reports suggested the involvement of a cAMP-dependent

mechanism in the action of levosimendan. For example, this

drug has a positive chronotropic effect on the rabbit right

atrium (Sato et al., 1998) and, in isolated rabbit papillary

muscles, the positive inotropic effect and the increase in the

amplitude of the aequorin-light transients induced by levosi-

mendan were both markedly reduced by 1 mM carbachol

(Sato et al., 1998). Similarly, in the guinea-pig levosimendan

exerted a positive inotropic effect that was (i) greatly dimin-

ished by 10 mM carbachol in the right papillary muscle

(Boknı́k et al., 1997) and (ii) diminished by cAMP-dependent

protein kinase inhibitor, (9R,10S,12S)-2,3,9,10,11,12-Hexa-

hydro-10-hydroxy-9-methyl-1-oxo-9,12-epoxy-1H-diin-

dolo[1,2,3-fg:3I,2I,1I-kl]pyrrolo[3,4-l][l,6]benzodiazocine-

10-carboxylic acid, hexyl ester (KT5720), in the isolated

heart (Haikala et al., 1997). It has also been demonstrated that

levosimendan increases the cAMP content of guinea-pig

ventricular cardiomyocytes (Edes et al., 1995; Boknı́k et

al., 1997; Zimmermann et al., 1998). On this basis, it seemed

likely that the positive inotropic effect of levosimendan

depends not only on its Ca2+ -sensitizing activity but also

on an increase in ICa,L that is modulated by cAMP-dependent

phosphorylation. However, little information was available

concerning the electrophysiological effects of ICa,L in cardiac

myocytes, especially in human preparations. We therefore

decided to examine its effects on ICa,L in human atrial cells

using the whole-cell patch-clamp method.

Levosimendan (1 mM) increased ICa,L at every membrane

potential and that the I–V relationship was shifted in the

negative direction in human atrial cells. This finding is in

good agreement with results obtained previously for human

atrial cells (Ouadid et al., 1991) and for rat ventricular cells

(Katsube et al., 1996) that 1 mM isoproterenol shifted the

steady-state activation curve of ICa,L to the negative direc-

tion. These results suggest that the increase in ICa,L due to

cAMP-dependent protein kinase is accompanied by a neg-

ative shift in the voltage dependence of activation, as has

already been reported by Sculptoreanu et al. (1993). In

human atrial cells, 1 mM levosimendan increased ICa,L by

136.7F 11.0% at + 10 mV (n = 8) with an EC50 value of

54F 3.6 nM (Fig. 2). This EC50 value was close to the IC50

value for the effect of levosimendan on cardiac phospho-

diesterase-3 purified from guinea-pig hearts (Raasmaja et

al., 1992). On the other hand, the same concentration of

levosimendan increased ICa,L by only 23.5F 3.5% (n = 6,

Fig. 4) at + 10 mV in rabbit atrial cells. Similarly, a weak or

absent effect has been reported for ventricular cells in the

rabbit: viz. 1 mM levosimendan did not affect ICa,L
(1.7F 3.1%) at room temperature (Virág et al., 1996).

Further, we found that levosimendan did not affect ICa,L in

rat cardiac cells, as also reported by Yokoshiki et al. (1997).

In guinea-pig ventricular cells, the effect of levosimendan

on ICa,L seems to be more complicated. In one previous

study, 1 mM [[4-(1,4,5,6-tetrahydro-4-methyl-6-oxo-3-pyri-

dazinyl)phenyl]hydrazono]propanedinitrile (OR-1259),

which is an analogue of levosimendan, decreased ICa,L by

around 20% in isolated guinea-pig cardiomyocytes, prob-

ably due to direct binding to Ca2+ channels (Raasmaja et al.,

1991). However, other reports have described levosimen-

dan-induced increases in ICa,L of 302F 86% at 10 mM
(Boknı́k et al., 1997) or 42.5F 12.5% at 5 mM (Virág et

al., 1996), again in isolated-guinea pig cardiomyocytes.

Taken together, these results indicate that the selective

phosphodiesterase-3 inhibitor, levosimendan, has different

effects on ICa,L in different species. For this reason, we

Y. Ajiro et al. / European Journal of Pharmacology 435 (2002) 27–33 31



suggest that the distribution of the phosphodiesterase-3 iso-

zyme may differ between humans and other species. In fact,

results consistent with this idea were obtained in the present

experiments. We found that levosimendan had little or no

effect on ICa,L in both rabbit and rat myocardium, whereas the

non-selective phosphodiesterase inhibitor, 100 mM IBMX,

increased ICa,L to a similar extent in rabbit (241.9F 28.7%,

Fig. 4) and human (266.7F 20.5%, Fig. 3) atrial cells. In rat

ventricular cells, selective phosphodiesterase-3 or phospho-

diesterase-4 inhibition had no effect on ICa,L, while the

combination of a phosphodiesterase-3 inhibitor with a phos-

phodiesterase-4 inhibitor produced a significant increase in

ICa,L (Verde et al., 1999). These results suggest that in both

rabbit and rat myocardium, phosphodiesterase isozymes

other than phosphodiesterase-3 may make an important

contribution to the regulation of the intracellular cAMP

concentration, as already indicated in previous reports (Kaji-

moto et al., 1997; Shahid and Nicholson, 1990).

In the present experiments on human preparations, lev-

osimendan had an EC50 value of 54F 3.6 nM for its

enhancement of ICa,L, whereas IBMX had an EC50 value

of 15.5F 1.9 mM. In our previous report, another selective

phosphodiesterase-3 inhibitor, pimobendan, and its active

metabolite, (2-(4-hydroxyphenyl)-5-(5-methyl-3-oxo-4,5-

dihydro-2H-6-pyridazinyl)benzimidazole�HCl (UD-CG 212

Cl), had EC50 values of 1.13 and 1.78 mM, respectively, for

their enhancements of ICa,L (Kajimoto at al., 1997). To judge

from these data, levosimendan may be one of the most

potent selective phosphodiesterase-3 inhibitors known.

In a previous report on the pharmacokinetics of levosi-

mendan in healthy volunteers, the therapeutic range for the

inotropic action of levosimendan in humans was between 50

and 150 ng/ml (around 0.18–0.53 mM; Pagel et al., 1996).We

used atrial specimens in the present experiments; however,

the effects of phosphodiesterase-3 inhibitor on ICa,L are

almost identical in human ventricular and atrial tissues (Li

et al., 1994). This being so, our data suggest that the positive

inotropic effect of levosimendan in humans is due at least in

part to an increase in ICa,L achieved via phosphodiesterase-3

inhibition.
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Isenberg, G., Klöckner, U., 1982. Calcium tolerant ventricular myocytes

prepared by preincubation in a ‘KB-medium’. Pflügers Arch. 395, 6–18.
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