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Abstract:

We investigated both the effect of levosimendan and the role of various potassium channels in carbachol-precontracted tracheal

preparations samples obtained from guinea pig. The tracheas were cut into 0.5 cm wide rings and suspended in a 20 ml organ bath.

Isometric tension was continuously measured with an isometric force transducer connected to a computer-based data acquisition

system. Levosimendan or cromakalim produced concentration-dependent relaxation responses in guinea pig tracheal rings precon-

tracted by carbachol. Incubation of guinea pig tracheal rings with the ATP-dependent potassium channel (K���) blocker glibencla-

mide for 30 min significantly inhibited the relaxant responses to both levosimendan and cromakalim. The large conductance

Ca��-activated potassium channel (BK��) blocker iberiotoxin also caused a significant inhibition on relaxant responses to levo-

simendan. However, incubation of the tracheal rings with the voltage-dependent potassium channel blocker 4-aminopyridine for

10 min did not cause significant alterations on relaxant responses to levosimendan. The present findings suggested that the relaxant

effect induced by levosimendan might be partially due to K��� and BKCa in isolated guinea pig tracheal rings.
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Introduction

Levosimendan (LEVO) is a calcium sensitizer that

enhances myocardial contractility and produces both

coronary and peripheral vasodilatation. Its inotropic

mechanism is based on the calcium sensitization of

myofilaments, by binding to cardiac troponin C in

a calcium-dependent manner [5]. It is a cardiovascular

drug for the treatment of acute and decompensated

heart failure, with positive inotropic and anti-stunning

effects mediated by calcium sensitization of the con-

tractile proteins [5, 15]. Additionally, the vasodilatory

effect of LEVO, which is antagonized by glibencla-

mide, has been demonstrated both in arterial and ve-

nous vascular beds, as well as in the coronary arteries

[11, 23]. Opening of KATP channels and the resultant

hyperpolarization causes a reduction in intracellular

calcium ([Ca2+]i), by both decreasing the opening

probability of the L-type calcium channel and stimu-

lating the Na+/Ca2+ exchanger in favor of decreased

[Ca2+]i levels [19]. Therefore, the stimulation of KATP

in vascular smooth muscle cells probably contributes

to the vasodilatory action of LEVO [24]. Accordingly,

LEVO has been shown to induce vasodilatation

through the opening of KATP in several vascular tis-

sues, including guinea-pig coronary vessels, human

isolated portal, internal mammalian artery and saphe-

nous vein, and pulmonary vascular bed of the cat [7,

10, 12, 15, 16, 22]. Mechanisms other than KATP

channel opening seem to play a role in the vasodila-
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tory effect of LEVO, as well. For instance, the activa-

tion of KV and calcium-activated potassium channels

(KCa) in isolated porcine coronary artery, KCa in a hu-

man saphenous vein, cAMP-dependent and -indepen-

dent mechanisms in coronary artery, nitric oxide pro-

duction in pig coronary vessels and calcium desensiti-

zation in porcine coronary artery have all been

reported to play a role in LEVO-induced relaxation

[3, 5, 7, 16, 17]. LEVO seemed to preferentially

stimulate the KV and KCa in large conductance ves-

sels, and KATP in small resistance arteries [24]. Al-

though possible mechanisms for the vasodilatory ac-

tion of LEVO on vessel smooth muscles are still be-

ing investigated, its effects on smooth muscle, other

than vessels, are not known yet. Since LEVO is used

in clinical practice it is essential to determine its ef-

fects on smooth muscles of some tissues other than

vessels. These may provide crucial data about new in-

dications and/or side effects of LEVO.

Therefore, in the present study, we investigated

both the functional effect of LEVO and the possible

role of potassium channels in the relaxant effect in

tracheal preparations isolated from guinea pig.

Materials and Methods

Animals

Forty-three adult male Dunkin Hartley guinea pigs,

weighing 300–350 g, were used in the experiments.

They were individually placed in metal cages in

a quiet, temperature- and humidity controlled room

(22 ± 3°C and 60 ± 5%, respectively) in which a 12–12 h

light-dark cycle was maintained (08:00–20:00 h light).

The animals were provided with food and water ad li-

bitum. The study was approved by our institutional

ethics committee and all of the experimental proce-

dures were been performed in accordance with Euro-

pean Guidelines for the handling of animals.

Preparation

Guinea pigs were stunned, and then killed by decapi-

tation. The trachea was removed rapidly, cleaned of

the connective tissue and cut into 0.5 mm wide rings.

The rings were carefully suspended by two stainless

steel clips passed through the tracheal lumen, in 20 ml

organ baths filled with PSS (mM: NaCl 118, KCl 5,

NaHCO3 25, KH2PO4 1.0, MgSO4 1.2, CaCl2 2.5 and

glucose 11.2) maintained at 37°C gassed with 95% O2

and 5% CO2 to obtain a pH of 7.4. The rings were

placed at the optimal point of length-tension relation

by gradually stretching them until contraction induced

by 20 mM KCl was maximal at each level of disten-

sion. Isometric tension was continuously measured

with an isometric force transducer (ELJ-S045C-35,

EMKA, France), connected to a computer-based data

acquisition system (IOX-EMKA, France). The tissues

were stretched initially to a tension of 1 g for 30 s and

thereafter maintained for 60 min under a resting ten-

sion of 0.5 g, which was found to be optimal for

measuring the changes in tension. The preparations

were washed with PSS every 15 min during the

equilibration period.

Experimental protocols

Tracheal rings, contracted with 10–6 M carbachol,

were exposed to gradually increasing concentrations

of LEVO (10–7–3 × 10–4 M) and relevant responses of

tracheal segments were recorded. In order to evaluate

the roles of KATP, KV and BKCa channels, the effects

of pre-incubation with blockers of these channels,

namely glibenclamide (GLI, 10–6 M, 30 min),

4-aminopyridine (4-AP, 5 mM, 10 min), and iberio-

toxin (IBTX, 10–7 M, 30 min) (n = 11 for each set), on

responses to LEVO in carbachol-precontracted tra-

cheal rings were investigated. In another set of experi-

ments (n = 9), the effect of incubation with GLI on re-

laxant responses to the KATP channel opener, cromaka-

lim (CRO, 10–7–3 × 10–4 M) was studied in carbachol-

precontracted tracheal rings. Separate experiments were

performed at intervals of at least 45 min.

Drugs

Carbachol, GLI, CRO, IBTX, 4-AP and the salts for

the PSS were purchased from Sigma Chemical (St.

Louis, Mo.). LEVO was obtained from Abbott (Istan-

bul). Carbachol, 4-AP and IBTX were dissolved in

distilled water. GLI and CRO were dissolved in dis-

tilled water containing 20% ethanol and 20% dimeth-

ylsulfoxide.
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Statistical analysis

All values were expressed as the mean ± SEM. Re-

laxation responses to LEVO or CRO were expressed

as percentages of the carbachol-induced contraction.

The concentration of the agonist that elicited a 50%

maximal response (Emax) was designated as the EC50,

which was calculated by linear regression. Sensitivity

was expressed as pD2 (–log EC50). Statistical analysis

of the results was performed using one-way ANOVA

and Student’s t-test where appropriate; p values less

than 0.05 were considered significant.

Results

Carbachol (10–6 M) caused stable and sustained

contractions on basal tension of guinea pig tracheal

rings. LEVO and the KATP opener CRO were applied

cumulatively and in various doses on precontracted

tracheal rings to investigate their effects. Both LEVO

(10–7–3 × 10–4 M) and CRO (10–7–3 × 10–4 M)

caused concentration-dependent relaxation responses

in guinea pig tracheal rings precontracted by 10–6 M

carbachol (Fig. 1). Maximal responses and sensitivi-

ties of guinea pig tracheal rings to LEVO and CRO

did not differ significantly (Tab. 1). It was observed

that the relaxant responses of CRO were significantly

inhibited by the pre-treatment of tissues with the KATP

blocker GLI (10–6 M) for 30 min (Fig. 2).

The relaxant action of LEVO in the presence of po-

tassium channel blockers was also studied. First, po-

tassium channel blockers were tested one by one to

exclude their contribution on basal tension. The basal

tones of tracheal rings did not change during incuba-

tion with potassium channel blockers for 30 min (data

not shown). Also, in the presence of potassium chan-

nels blockers, the relaxant responses to LEVO were

significantly inhibited by pre-treatment of tissues with

GLI (10–6 M) for 30 min (Fig. 3). Pre-treatment with

the BKCa blocker IBTX (10–7 M for 30 min) also in-

hibited the relaxant responses to LEVO effectively

(Fig. 4). However, incubation of tracheal rings with

the KV blocker 4-AP (5 mM for 10 min) did not cause

any significant alteration in relaxation responses to

LEVO (Fig. 5). Moreover, the relaxant responses of

LEVO were significantly but not completely inhibited

by the pre-treatment of tissues with both potassium

channels blockers, GLI and IBTX (Fig. 6).
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Fig. 1. Effects of levosimendan and cromakalim in isolated guinea
pig tracheal rings precontracted by 10�� M carbachol. Each point
represents the mean with SEM shown by vertical bars. n = 11 for levo-
simendan and n = 9 for cromakalim

Tab. 1. pD
�

(–log EC
��

) and E
���

(%) values for levosimendan
(n = 11) and cromakalim (n = 9) on carbachol-induced contractions
of isolated guinea pig tracheal rings

E��� pD�

Levosimendan 73.67 ± 5.51 4.09 ± 0.18

Cromakalim 78.11 ± 2.53 4.24 ± 0.06

- - - - - - - -

Fig. 2. Effects of cromakalim and ATP-dependent potassium channel
blocker glibenclamide in isolated guinea pig tracheal rings precon-
tracted by 10�� M carbachol. Each point represents the mean with
SEM shown by vertical bars. n = 11. * p < 0.05, ** p < 0.01,
*** p < 0.001 as compared with respective levosimendan values



Discussion

It is well known that characteristics of resting mem-

brane potentials of airway smooth muscle cells differ

in various animal species. However, human and

guinea pig smooth muscle cells have similar physio-

logical properties [8, 9]. For this reason we preferred

to use guinea pig tracheal preparations to examine the

effect of LEVO on smooth muscle cells.

Since LEVO is frequently used in clinical practice,

it is important to determine its effects on different tis-

sues in addition to its well known action on the car-

diovascular system. Therefore, we investigated both

the functional outcome and the possible role of potas-

sium channels on the effect of LEVO in isolated

guinea pig tracheal preparations.

In the present study, LEVO at concentrations of

1–100 µM induced relaxation in isolated guinea pig

tracheal rings, with a pD2 value 4.09 ± 0.18. It has

been reported that LEVO exerts a positive inotropic

effect in isolated guinea pig heart in the concentration

range of 0.03–1 µM, and higher concentrations

(0.3–10 µM) were used in skinned myocardial fiber

preparations [12]. We also recently showed that

LEVO produces an increase in developed tension in

isolated human atrial trabeculae and in human ITA,

with pD2 values of 6.71 ± 0.26 and 6.06 ± 0.09, re-

spectively [21, 22]. On the other hand, Gruhn et al. re-

ported a pD2 value of 3.64 ± 0.05 for LEVO in

30 mM phenylephrine-precontracted porcine coro-
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Fig. 3. Effects of levosimendan and ATP-dependent potassium chan-
nel blocker glibenclamide in isolated guinea pig tracheal rings pre-
contracted by 10�� M carbachol. Each point represents the mean
with SEM shown by vertical bars. n = 11. * p < 0.05, ** p < 0.01 as
compared with respective levosimendan values

- - - - - - - -

Fig. 4. Effects of levosimendan and BKCa channel blocker iberio-
toxin in isolated guinea pig tracheal rings precontracted by 10�� M
carbachol. Each point represents the mean with SEM shown by verti-
cal bars. n = 11. * p < 0.05 as compared with respective levosimen-
dan values

- - - - - - - -

Fig. 5. Effects of levosimendan and voltage-dependent potassium
channel blocker 4-aminopyridine in isolated guinea pig tracheal
rings precontracted by 10�� M carbachol. Each point represents the
mean with SEM shown by vertical bars. n = 11

- - - - - - - -

Fig. 6. Effects of levosimendan in isolated guinea pig tracheal rings
precontracted by 10��M carbachol in the presence of the GLI + IBTX.
Each point represents the mean with SEM shown by vertical bars.
n = 11. * p < 0.05, ** p < 0.01, *** p < 0.001 as compared with
respective levosimendan values



nary arteries and suggested that there might be differ-

ences in the potency of LEVO, depending on the dif-

ferences in species or vasoconstrictors used [4]. Ac-

cordingly, Bowman et al. reported that LEVO relaxed

the porcine coronary arteries contracted with the

thromboxane A2 analogue U46619 with a higher

EC50 value (24 µM) [5]. Hovewer, Pataricza et al. re-

ported an EC50 value of 0.41 ± 0.10 µM for LEVO in

endothelium-denuded preparations from porcine

coronary artery precontracted with 20 mM KCl; this

value was lower than those we found in the present

study [17]. The reason for the differences in the sensi-

tivity of different tissues to LEVO may depend on the

differences in species as mentioned above, and/or the

experimental conditions.

In the present study, the prototype of KATP channel

opener, CRO, produced remarkable relaxations in guinea

pig tracheal rings. This relaxant effect of CRO was inhib-

ited by GLI at a specific concentration (10–6 M), indicat-

ing the presence of functional KATP channels in

guinea pig tracheal rings. We presented here pharma-

cological evidence regarding both the functional re-

laxant effect of LEVO and the role of KATP channels

in the guinea pig trachea. Furthermore, our results in-

dicated that LEVO exerted a direct concentration-

dependent relaxant effect on tracheal smooth muscle

that was significantly blocked by GLI, but not abol-

ished. Despite our previous findings of approximately

3-fold higher potency and 1.5-fold efficacy with CRO

than with LEVO in human ITA rings, in this study we

found similar pD2 and Emax values for both agents.

There are conflicting results regarding the types of

potassium channels involved in the relaxant effects of

LEVO in different vascular tissues [2, 7, 11, 16, 17].

Yokoshiki and Sperelakis have concluded that LEVO

seemed to preferentially stimulate the KV and KCa in

large conductance vessels, and KATP in small resis-

tance arteries [24]. In partial support of this view, we

showed that the BKCa blocker IBTX but not the KV

blocker 4-AP also caused a significant inhibition in

relaxant responses to LEVO in guinea pig tracheal

rings, which indicated that both KATP and BKCa were

responsible for the relaxant effect of LEVO in this tis-

sue, albeit not in equal degrees. In the presence of

blockers of both potassium channels, the relaxant re-

sponses of LEVO were significantly but not com-

pletely inhibited by pre-treatment of tissues with GLI

and IBTX. This indicates that other mechanisms may

be responsible for LEVO effects in smooth muscles.

For example, Grossini et al. showed that the coronary

effect of LEVO is related to NO production in the pig

[3]. In addition, Haikala et al. demonstrated that the

vasodilatation by LEVO may partially be due to

a lowering of intracellular free calcium through po-

tential inhibition of phosphodiesterase III [6]. Further-

more, Bowman et al. indicated that LEVO induces re-

laxation in coronary smooth muscle through calcium

desensitization [1]. Since both vessels and trachea

contain smooth muscle and are comparable prepara-

tions, it is likely to suggest that different types of po-

tassium channels may play a role in LEVO-induced

relaxation in tracheal preparations.

In human and animal studies, several types of po-

tassium channels have been identified in airway

smooth muscle cells [13, 14]. We applied various po-

tassium channel blockers to investigate whether po-

tassium channels had any effect on basal tone of iso-

lated guinea pig tracheal preparations. We found that

IBTX and 4-AP caused a non-significant increase,

while GLI incubation had no effect in basal tone of

tracheal rings. Thus, these results suggest that potas-

sium channels do not have any physiological role on

guinea pig tracheal basal tone.

Although it has been suggested that LEVO may

have a higher potency to relax small coronary arteries

in preference to large ones [4], it was deemed satisfac-

tory to produce effective vascular smooth muscle re-

laxation in LEVO-treated patients. It has also been re-

ported that LEVO given in doses of 0.25 and 0.5 mg

increased left ventricular function in patients with

ischemic heart disease and left ventricular dysfunc-

tion; however, a significant decrease in total periph-

eral resistance was seen only after 2 and 4 mg [12].

A single 0.5 mg oral dose of LEVO produces a peak

plasma concentration of ~20 ng/ml (0.07 µM), in pa-

tients with congestive heart failure [18]. The pD2 val-

ues of LEVO in our study lead us to suggest that

plasma concentrations of LEVO in the range of thera-

peutic doses do not generate a relaxation response in

tracheal smooth muscle. Regarding the clinical impli-

cations, the findings of the present study indicated

that LEVO at doses needed to produce cardiac effects

may not cause side effects for the pulmonary system.

However, one might expect to see cardiovascular side

effects during the use of LEVO for bronchodilation.

In conclusion, we have provided pharmacological

evidence about the functional relaxant effect of

LEVO in guinea pig tracheal rings. Since GLI and

IBTX could only reduce, but not abolish the effect of

LEVO even at the highest concentrations, other
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mechanisms such as NO production, PDE inhibition

and calcium sensitivity alteration may also play a role

in LEVO relaxant effect in tracheal smooth muscle. In

order to clarify these issues it would be necessary to

utilize advanced techniques (i.e., measuring K cur-

rents and intracellular concentrations). The present

findings suggested that the relaxation effect by LEVO

may be partially be due to KATP and BKCa in isolated

guinea pig tracheal rings.
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