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Early exposure to hypertonic solution strongly intensifies the effects of K+ channel
opener, rilmakalim, in guinea pig ventricular myocytes. I. KOCIÆ, Y. HIRANO, M. HI-
RAOKA. Pol. J. Pharmacol., 2003, 55, 1159–1162.

We report here that early exposure of guinea pig ventricular myocytes to hypertonic
solution (~400 mOsm compared to 280 mOsm in isotonic solution) increased the potency
of rilmakalim to evoke ATP-sensitive K+ current 10 times (pD2 = 7.44 ± 0.11 compared to
pD2 = 6.49 ± 0.18 in isotonic solution) without changing Emax, and observed effect was
completely reversed by glibenclamide at 1 �M.
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INTRODUCTION

Activation of ATP-sensitive K+ channels (KATP)
is considered as a protective mechanism in ische-
mic heart [5]. However, there are evidences for
proarrhythmic effects due to KATP channel activa-
tion [8]. Precise mechanisms involved in regulation
of gating of KATP channels in myocardium remain
unclear. Apart from ATP concentration and APD/
ATP ratio, there are several other factors influenc-
ing closing and opening of KATP channels [7]. Ac-
cumulation of the metabolic products in the
ischemic area changes osmolarity, thereby modify-
ing a function of ion channels in cardiomyocytes
[1]. The effects of hypotonic stress on membrane
currents and action potential were widely studied
[4]. Nevertheless, a little is known about effects of
hypertonic challenge, which also can appear in
ischemic heart in case of no-flow ischemia or dur-
ing reperfusion with hypertonic saline solution.
The function of ATP-sensitive K+ channels is espe-
cially important in the ischemic heart. Therefore, in
this study we employed a patch clamp technique to
study the effect of hypertonic challenge on action
of KATP channel opener, rilmakalim, in guinea pig
ventricular myocytes.

MATERIALS and METHODS

Animals

Experiments were performed on guinea pigs of
either sex, weighing between 250 and 400 g. All
protocols and procedures used in this study were
accepted by Ethical Committee of Tokyo Medical
and Dental University and are in accordance with
National Research Council’s Guide.

Electrophysiology

All measurements were obtained from isolated
guinea pig ventricular myocytes. Method of isola-
tion is described elsewhere [4]. Briefly, heart was
digested enzymatically. First, the heart was per-
fused with normal Tyrode solution for 5 min, then
with nominally Ca2+-free solution for 4 min, to
continue with addition of collagenase (60 mg%) for
about 20 min. Finally, after cutting the heart into
small pieces and filtering, cells were kept in KB-
solution (high K+, low Cl– solution) at room tem-
perature and used within 9 h. In order to record
membrane currents we used Axopatch 200B ampli-

fier (Axon Instruments, Foster City, CA, USA)
connected to the analogue digitizer (Digidata 1200,
Axon Instruments) and to the personal computer
running pCLAMP software v. 8. Cells were put on
the stage of inverted microscope (Diaphot TMD,
Nikon, Tokyo, Japan). The tip resistances of the
electrodes were 1.5 to 2.5 M�. Data were filtered
at 2 kHz. Descending ramp protocol was used to
elicit whole cell current from +60 mV to –110 mV
for 4.5 s.

Solutions

Isotonic solution contained all components at
the same concentrations as in normal Tyrode solu-
tion except NaCl whose concentration was de-
creased to 64 mM, and mannitol was added to
achieve osmolarity of about 300 mOsm (measured
by Vapor Pressure Osmometer 5520, Wescor, Utah,
USA). The hypertonic solution contained all
chemicals as isotonic solution, but mannitol was
added to obtain osmolarity of about 400 mOsm.
Normal Tyrode solution contained (mM): NaCl
145.0; KCl 4.0; CaCl2 1.8; MgCl2 0,53; glucose
5.5; HEPES 5.0; (pH 7.3 by NaOH). Normal pi-
pette solution included (mM): KCl 20; CaCl2 0.02;
HEPES 5.0; K-aspartate 100; Mg2+-ATP 5.0;
CP-K2 5.0 and EGTA 0.05 (pH = 7.25 by KOH).

Statistics

One-way ANOVA with multiple comparison
test was used; p < 0.05 was considered as statisti-
cally significant difference.

RESULTS and DISCUSSION

In this paper, we demonstrated that exposure of
guinea pig ventricular myocytes to hypertonic solu-
tion enormously intensified the effects of ATP-
sensitive K+ channel opener rilmakalim. Figure 1A
shows original traces obtained in isotonic solution.
It can be seen that rilmakalim elicited time-inde-
pendent K+ current in a concentration-dependent
manner, accordingly to previous data [6]. The re-
versal potential of this current (potential at which
current changes its direction from inward to out-
ward or vice versa) was –84 ± 4 mV, n = 6, which is
near the value for K+ reversal potential in our ex-
periments according to the Nernst equation. At
0 mV, the maximal effect of rilmakalim was 19.5 ±
5.5 pA/pF, and pD2 (–logEC50) = 6.5 ± 0.2, n = 6.
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Interestingly, when rilmakalim was added with hy-
pertonic solution, its potency increased ten times
(Fig. 1B) as pD2 was 7.4 ± 0.1, n = 5, (p < 0.01 in
comparison to the values obtained in isotonic solu-
tion). However, the maximal effects remain un-
changed. Importantly, this potentiation of rilmaka-
lim effect appeared only when this compound was
added from the beginning of perfusion with hyper-
tonic solution. Otherwise, if the myocytes were
kept in hypertonic solution for 3–4 min and after
that rilmakalim was added, its effects were not dif-
ferent from the effects obtained in isotonic solution
(data not shown). It means that during cell shrink-
age induced by hypertonic challenge the number of
available binding sites for rilmakalim probably in-
creased. The augmented effect of rilmakalim was

reversible, as glibenclamide, known blocker of
ATP-sensitive K+ channels [2], reversed it com-
pletely (Fig. 1B). Figure 2 presents average data of
normalized current at 0 mV in isotonic and hyper-
tonic solutions. It is well known that activated KATP
channels abbreviate duration of action potential,
decrease Ca2+ influx and can modulate action of
different drugs [3].

In conclusion, hypertonic challenge which may
occur in ischemic heart can suddenly and markedly
increase the activity of ATP-sensitive K+ channels,
thereby contributing to arrhythmias. Further inves-
tigation is required to explain a precise mechanism
of the observed phenomenon.
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Fig. 1. Original traces of whole cell currents elicited by rilmaka-
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cytes perfused with isotonic (A) or hypertonic (B) solution.
Inset: Ramp protocol used in these experiments; Glb – effect of
glibenclamide at 1.0 �M. The similar results were obtained in 6
cells

Fig. 2. Average, normalized concentration-dependent effects
induced by rilmakalim in isotonic (o) and hypertonic (�) solu-
tions at 0 mV. Mean ± SEM from 6 cells. * p < 0.05, ** p < 0.01
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