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Abstract

Ž . w x Ž .Effects of 2 RS, 3SR -2-aminomethyl-2,3,7,8-tetrahydro-2,3,5,8,8-pentamethyl-6H-furo- 2,3-e indol-7-one hydrochloride UK-1745 ,
a novel cardiotonic drug with b-adrenoceptor blocking property and antiarrhythmic activity, on the action potentials of isolated papillary
muscles and the membrane currents of single ventricular myocytes of guinea pigs were examined and compared with those of milrinone

Ž .using conventional microelectrode and patch–clamp techniques. In papillary muscles, UK-1745 3–100 mM produced a mild positive
˙Ž .inotropic response and depressed the maximum upstroke velocity of the action potential V at 100 mM. Milrinone, a phosphodi-max

esterase III inhibitor, markedly shortened the action potential duration with a significant increase in developed tension. In enzymatically-
2q Ž .dissociated ventricular myocytes, UK-1745 failed to increase the L-type Ca current I at 10 and 30 mM and rather decreased I atCa Ca

q Ž .100 mM. The high concentration of UK-1745 slightly inhibited the delayed rectifier K current I . Although UK-1745 antagonized theK

isoproterenol-induced increase in I , it potentiated the histamine-induced increase in I . On the other hand, milrinone per seCa Ca

significantly increased I and markedly enhanced the isoproterenol-induced increase in I . It can be concluded that UK-1745 is aCa Ca

unique cardiotonic drug possessing b-adrenoceptor blocking and weak phosphodiesterase-inhibitory actions in addition to direct inhibitory
actions on the Naq, Ca2q and Kq channels with its high concentrations. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

For more than 200 years cardiac glycosides have been
used for the treatment of congestive heart failure. Since
cardiac glycosides cause serious side effects, great efforts
have been made to develop new positive inotropic agents
with various mechanism of action. The majority of the
novel inotropic agents inhibit phosphodiesterase III, which

Ž .results in increases in intracellular cyclic AMP cAMP
and transmembrane Ca2q influx. Although acute adminis-
tration of the phosphodiesterase III inhibitors such as
amrinone, milrinone and enoximone produces dramatic
hemodynamic improvement, long-term use of these agents
has been shown to lead to increased mortality in many

Žcontrolled clinical trials Packer et al., 1984, 1991; Uretsky
.et al., 1990 . Although the underlying mechanisms of the

increased mortality are not well-understood, arrhythmoge-
nesis resulting from increases in cAMP and transmem-
brane Ca2q influx may play an important role.
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�Ž .UK-1745 2 RS, 3SR -2-aminomethyl-2,3,7,8-tetrahy-
w xdro-2,3,5,8,8-pentamethyl-6H-furo- 2,3-e indol-7-one hy-

4drochloride is a newly-synthesized cardiotonic drug which
possesses not only phosphodiesterase III-inhibitory action
but also b-adrenoceptor blocking action as well as antiar-

Žrhythmic action Kawada et al., 1996; Uchida and Sonoki,
.1996; Uchida et al., 1998; Sawada and Endoh, 1999 .

However, effects of UK-1745 on the action potential and
the membrane current system have not been evaluated.
This study was undertaken to examine the electropharma-
cological effect of UK-1745 and compare it with that of
milrinone, a prototype cardiotonic drug possessing a phos-
phodiesterase III-inhibitory action.

2. Materials and methods

2.1. Action potential study

All experiments were performed under the regulations
of the Animal Research Committee of School of Medicine,

0014-2999r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
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Chiba University. Guinea pigs weighing 200–350 g were
stunned with a blow on the head, and the hearts were
rapidly removed. The hearts were immersed in an oxy-
genated modified Tyrode solution, and the papillary mus-
cles having a diameter less than 1 mm were dissected from
the right ventricle. The preparations were placed in a
dissection bath filled with a modified Tyrode’s solution
equilibrated with 95% O and 5% CO , as described2 2

Ž .previously Nakaya et al., 1993 . The composition of
Ž .solution was in mM : NaCl, 125; KCl, 4; NaH PO , 1.8;2 4

MgCl , 0.5; CaCl , 2.7; NaHCO , 25 and glucose, 5.5.2 2 3

The pH of the bubbled Tyrode solution was 7.35"0.05.
The papillary muscle was pinned to the bottom of a 5-ml
tissue chamber and superfused at a rate of 10 mlrmin with
the modified Tyrode solution, aerated with 95% O and2

5% CO . The temperature of the bath solution was main-2

tained at 36"1.08C. One end of the muscle was hooked to
Žthe lever arm of a force transducer Nihon Kohden TB

.651T, Tokyo, Japan mounted on a micromanipulator and
the other was pinned to the bottom of the tissue chamber.
The resting tension was progressively increased to 2 mN.
The preparation was electrically stimulated at 0.5 Hz with
pulses of 1–1.5 ms duration at twice the diastolic threshold
through platinum field electrodes. Stimuli were delivered

Ž .from an electronic stimulator Nihon Kohden S-7272B .
Transmembrane action potentials were recorded with a
glass microelectrode filled with 3 M KCl, which had a tip
resistance of 10 to 30 MV. The microelectrode was con-
nected to the input stage of a high-impedance amplifier

Žwith capacitance neutralization Nihon Kohden MEZ-
.7200 . The amplified signals were displayed on a dual-

Ž .beam oscilloscope Nihon Kohden VC-10 and photo-
graphed with a Polaroid camera. After an equilibration
period of 1 to 2 h, a stable impalement was obtained and
control recordings were made. The preparations were then
exposed to solutions containing various concentrations of
UK-1745 or milrinone. The concentration was increased in
a stepwise fashion at intervals of 30 min and the record-
ings were made when the changes of the action potential

Ž .and the developed tension DT reached a steady state.
One preparation was exposed to one or two concentrations
of a drug. Only experiments in which a stable impalement
was maintained were used for data analysis.

2.2. Patch–clamp study

Single ventricular cells of the guinea pig heart were
isolated by an enzymatic dissociation method, as described

Ž .previously Tohse et al., 1992 . The heart was removed
Ž .from open-chest guinea pigs 250–350 g anesthetized

with pentobarbital sodium and ventilated with an artificial
respirator, and mounted on a modified Langendorff perfu-
sion system for retrograde perfusion of the coronary circu-

Ž .lation with a normal HEPES–Tyrode’s solution 378C .
The perfused medium was then changed to a nominally
Ca2q-free Tyrode’s solution and then to the solution con-

Ž .taining 0.02% wrv collagenase Wako, Osaka, Japan .
After digestion, the heart was perfused with a high-Kq and

y Ž .low-Cl solution, modified Kraftbruhe KB solution¨
Ž .Isenberg and Klockner, 1982; Nakaya et al., 1993 . Ven-
tricular tissue was cut into small pieces in the modified KB
solution and was gently shaken to isolate cells. The cell
suspension was filtered through a 100-mm pore stainless-

Ž .steel mesh and stored in a refrigerator 48C for later use.
The composition of the normal HEPES–Tyrode’s solution

Ž .was in mM : NaCl, 143; KCl, 5.4; CaCl , 1.8; MgCl ,2 2

0.5; NaH PO , 0.33; glucose, 5.5 and HEPES–NaOH2 4
Ž . 2qbuffer pH 7.4 , 5.0. The nominally Ca -free Tyrode

solution was prepared by omitting CaCl from the normal2

Tyrode solution. The composition of the modified KB
Ž .solution was in mM : KOH, 70; L-glutamic acid, 50; KCl,

40; taurine, 20; KH PO , 20; MgCl , 3; glucose, 10;2 4 2
Ž . X Xethylene glycol-bis- b-aminoethylether -N, N, N , N -tetra-

Ž . Žacetic acid EGTA , 1.0 and HEPES–KOH buffer pH
.7.4 , 10.
Whole-cell membrane currents were recorded by the

Ž .patch–clamp method Hamill et al., 1981 . Single ventricu-
Žlar myocytes were placed in a recording chamber 1 ml

. Žvolume attached to an inverted microscope Olympus
.IMT-2, Tokyo, Japan and superfused with the HEPES–

Tyrode’s solution at a rate of 3 mlrmin. Patch pipettes
were made from glass capillaries with a diameter of 1.5

Žmm by use of a vertical microelectrode puller Narishige
.PB-7, Tokyo, Japan . They were filled with an internal

solution, and the resistance was 1 to 2 MV. The composi-
Ž .tion of the pipette solution was in mM : potassium aspar-

tate, 110; KCl, 20; MgCl , 1.0; potassium ATP, 5.0;2

potassium phosphocreatine, 5.0; EGTA, 10 and HEPES–
Ž . 2qKOH buffer pH 7.4 , 5.0. The free Ca concentration in

the pipette solution was adjusted to pCa 8 according to the
Ž .calculation by Fabiato and Fabiato 1979 with the correc-

Ž .tion of Tsien and Rink 1980 . After the gigaohm seal
between the tip of the electrode and the cell membrane
was established, the membrane patch was disrupted by a
more negative pressure to make the whole-cell voltage-
clamp mode. The electrode was connected to a patch–

Ž .clamp amplifier Nihon Kohden CEZ-2300 . Voltage com-
mand pulses were generated by a 12-bit digital-to-analog

Žconverter controlled by pCLAMP software Axon Instru-
.ments, Foster City, CA, USA . Current signals were digi-

tized and stored on the hard disc of an IBM-compatible
Žcomputer Compaq Prolinea 4r50 with a 200-M byte hard

.disc, Houston, TX, USA . A liquid junction potential
between the internal solution and the bath solution of y8
mV was corrected. The capacitance of the membrane was
calculated from the steady-state current in response to a

Ž .ramp y5 mVr2.5 ms from 0 mV and was 120.9"6.9
Ž .pF ns40 . The membrane capacitance was almost com-

Ž .pensated for up to 100 pF. The series resistance R wass

2–5 MV and was usually compensated by 70%. Since the
peak current measured in this study was -7 nA, the
voltage errors would be -10 mV. These voltage errors
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might change the amplitude of membrane currents, but
would not seriously affect the qualitative changes of the
membrane currents after drug application.

Ž .In order to obtain the current–voltage I–V relation-
ships, hyperpolarizing or depolarizing pulses of 300 ms
duration were given to the cells from a holding potential of
y40 mV at 0.1 Hz. For the recording of the L-type Ca2q

Ž .current I , the cells were depolarized to 0 mV from aCa

holding potential of y40 mV by test pulses of 300 ms at
0.1 Hz. After stabilization of the inward Ca2q current,
effect of UK-1745 or milrinone on the current was exam-
ined. In a part of the experiments the L-type Ca2q current
was isolated from other membrane currents by using Csq-
rich external and pipette solutions, as previously described
Ž . qHara and Nakaya, 1995 . The Cs -rich external solution
was prepared by replacing KCl of the normal HEPES–
Tyrode solution with equimolar CsCl. The composition of

q Ž .the Cs -rich pipette solution was in mM : L-aspartate,
110; CsOH, 110; CsCl, 20; MgCl , 1.0; ATP-K , 5.0;2 2

Ž .EGTA, 10 and HEPES–CsOH-buffer pH 7.4 , 5.0. These
experiments were conducted at a temperature of 36.0"

1.08C.
q Ž .In a part of experiments, the Na current I wasNa

recorded using the following external and pipette solutions
Ž .at room temperature 228C–248C and the effect of UK-

1745 on the Naq current was examined. The external
Ž .solution contained in mM : NaCl, 30; tetramethylammo-

nium chloride, 110; CsCl, 1; CaCl , 1.8; CoCl ,1;2 2
ŽMgCl ,1.2; glucose, 11; HEPES, 20 pH 7.4 adjusted with2

.tetramethylammonium hydroxide . The pipette solution was
Ž .composed of mM : NaF, 5; CsF, 125; ATP-K , 5; phos-2

Žphocreatinine K , 5; EGTA, 5; HEPES, 5 pH 7.2 adjusted2
.with CsOH . A train of 30 depolarizing pulses of 50 ms

duration to y30 mV was applied from a holding potential
of y120 mV at 1.0 Hz before and after the application of
UK-1745.

2.3. Drugs

Drugs used in this study were as follows: UK-1745
Ž . Ž .Kowa, Tokyo, Japan , y -isoproterenol hydrochloride
Ž . ŽSigma, St. Louis, USA , histamine dihydrochloride Wako,

. Ž .Osaka, Japan and milrinone Sigma . Milrinone was dis-
Ž .solved in dimethyl sulphoxide DMSO as a stock solution

of 10 mM. The final concentration of DMSO was less than
1% and the same concentration of DMSO was applied
during control period before the introduction of milrinone.
Other drugs were dissolved in distilled water.

2.4. Statistics

All data are presented as mean"S.E.M. Student’s t-test
was used for statistical analysis of the paired observations

Ž .and an analysis of variance ANOVA was performed to

Ž .Fig. 1. Effects of UK-1745 and milrinone on the action potential configuration and the DT upper panels and the maximum rate of rise of action potential
Ž .lower panels in guinea-pig papillary muscles stimulated at 0.5 Hz. The transmembrane potentials and dVrd t are shown on expanded scales in lower

˙ ˙Ž .panels. Arrows indicate the peak of dVrd t V . Note that UK-1745 but not milrinone decreased V although both UK-1745 and milrinone producedmax max

increases in DT.
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Table 1
Effects of UK-1745 on action potential parameters and DT in isolated guinea-pig papillary muscles stimulated at 0.5 Hz. APA, action potential amplitude;

˙APD and APD , action potential duration at 50% and 90% repolarization, respectively; V , maximum rate of rise; DT, developed tension; RT , half50 90 max 1r2

relaxation time; n, number of experiments. Values are expressed as mean"S.E.M. of percent of control

˙n APA APD V DT RT50 max 1r2

Basal values 33 132.7"0.5 mV 149.3"3.1 ms 205.3"10.9 Vrs 33.1"3.5 mg 55.9"2.0 ms
Ž .UK-1745 mM Percent of control

1 9 99.7"0.4 98.8"0.9 100.1"2.0 94.9"3.1 93.7"7.1
3 10 100.6"0.2 101.3"1.5 103.6"2.8 100.6"4.7 98.1"9.4
10 9 100.6"0.2 101.8"2.0 90.6"7.6 105.2"7.3 98.4"6.9
30 12 100.7"0.3 100.2"2.1 92.9"4.3 106.3"8.3 110.1"11.6

U U100 8 100.0"0.6 96.8"2.2 55.8"4.5 138.7"11.9 100.7"5.4

U Ž .Significant change from each control value P-0.05 . Statistical analysis was conducted using absolute values except for DT.

test the difference among the groups; P-values of -0.05
were considered significant.

3. Results

3.1. Effects of UK-1745 and milrinone on action potential
configuration and DT

Fig. 1 illustrates representative changes in action poten-
tial configuration produced by UK-1745 and milrinone in
guinea-pig papillary muscles stimulated at 0.5 Hz. UK-
1745 produced a mild positive inotropic response. UK-1745
depressed the maximum rate of rise of the action potential

˙Ž . Ž . Ž .V in a high concentration 100 mM Fig. 1 . Milri-max

none markedly increased the DT although it did not inhibit
V̇ . Milrinone slightly but significantly shortened themax

Ž .action potential duration APD .
Changes in action potential parameters and the DT after

UK-1745 and milrinone are summarized in Tables 1 and 2,
respectively. UK-1745 increased the DT and decreased
˙ Ž .V in papillary muscles stimulated at 0.5 Hz Table 1 .max

˙The increase in the DT and the decrease in V after 100max
Ž .mM UK-1745 were statistically significant P-0.05 .

Milrinone also increased the DT in a concentration-depen-
Ž .dent manner Table 2 . The increase in the DT produced

by 30 mM milrinone was greater than that produced by
100 mM UK-1745. However, milrinone failed to decrease
V̇ . Milrinone significantly decreased the APD. Althoughmax

Ž .the half relaxation time of contraction RT was concen-1r2

tration-dependently decreased by milrinone, it was un-
Ž .changed by UK-1745 Tables 1 and 2 .

3.2. Effects of UK-1745 and milrinone on membrane cur-
rents in isolated Õentricular cells

Effects of UK-1745 on the whole-cell membrane cur-
rents were evaluated and compared with those of milri-

Žnone, a prototype phosphodiesterase III inhibitor Fujino et
.al., 1988 . Membrane currents were elicited by test pulses

to various potentials from a holding potential of y40 mV
at 0.1 Hz, as shown in Fig. 2. After rupture of the cell
membrane, the peak Ca2q current elicited by depolarizing
pulses to 0 mV tended to decrease slightly due to ‘run
down’. The amplitude of the Ca2q current was y13.6"

1.6 pArpF and y11.5"1.2 pArpF at 5 min and 15–20
Žmin after the rupture in five untreated cells 14.9"2.9%

.run down, n.s. . UK-1745 at a concentration of 10 mM
hardly affected the inward current elicited by depolarizing
pulses and the steady state current elicited by hyperpolariz-
ing pulses. UK-1745 at a concentration of 30 mM also

Ž .failed to affect the inward and outward currents ns4 .
Ž .However, a higher concentration 100 mM of UK-1745

decreased rather than increased the inward Ca2q current,
as shown in Fig. 3. The L-type Ca2q current that was
elicited by a depolarizing pulse to 0 mV was significantly

Ždecreased by 59.2"8.0% after 100 mM UK-1745 P-
.0.05 . The tail outward current, recorded upon clamp back

Table 2
Effects of milrinone on action potential parameters and DT isolated guinea-pig papillary muscles stimulated at 0.5 Hz. Abbreviations are the same as in
Table 1. Statistical analysis was conducted using absolute values except for DT

˙n APA APD V DT RT50 max 1r2

Basal values 11 132.6"0.6 mV 132.0"4.8 ms 155.2"7.1 Vrs 41.6"6.8 mg 53.1"2.2 ms
Ž .Milrinone mM Percent of control

1 5 102.1"0.7 98.0"4.5 98.4"1.4 102.6"3.5 96.5"10.2
3 5 100.9"0.8 96.4"2.0 105.8"2.3 127.0"8.8 93.9"6.0
10 5 102.6"0.5 93.3"7.9 95.8"5.0 133.2"13.3 83.3"6.6

U U U30 5 102.3"0.8 85.2"2.9 107.7"2.2 272.7"37.6 75.7"7.0

U Ž .Significant change from each control value P-0.05 .
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Ž .Fig. 2. Effects of a low concentration 10 mM of UK-1745 on membrane
currents of guinea-pig ventricular cells. Actual current traces elicited by
depolarizing and hyperpolarizing pulses from a holding potential of y40
mV before and after 10 mM UK-1745 in a single ventricular cell are
shown on upper panels. Current–voltage relations for the peak current

Žand the current at the end of 300 ms test pulse in the absence open
. Ž .circles and presence closed circles of UK-1745, obtained from five

cells, are shown on lower panels. Values are expressed as mean"S.E.M.

to the holding potential after depolarizing pulses, was also
decreased by 100 mM UK-1745, indicating the inhibitory

q Ž . Ž .effect on the delayed rectifier K current I Fig. 3 .K

The high concentration of UK-1745 also slightly inhibited
the outward current elicited by hyperpolarizing test pulses
without affecting the reversal potential, suggesting that
UK-1745 might slightly inhibit the inward rectifier Kq

Ž .current I . In contrast with UK-1745, milrinone in-K1

creased the L-type Ca2q current. Milrinone at a concentra-
tion of 30 mM significantly increased the Ca2q current at

Ž .0 mV by 192.4"28.3% P-0.05 . Milrinone increased
q Ž .the tail current of the delayed rectifier K current Fig. 4 .

The decrease in the Ca2q current after 100 mM UK-1745
or the increase after 30 mM milrinone reverted toward the
control on changing to the drug-free solution. In a part of
the experiments, the Ca2q current was isolated from other
membrane currents using Csq-rich external and pipette
solutions. Even in such an experimental condition, UK-
1745 at a concentration of 100 mM decreased the Ca2q

Ž .current by 64.1"4.1% P-0.05, ns5 and milrinone at
a concentration of 30 mM increased the current by 184.5

Ž . 2q"27.5% P-0.05, ns4 . These changes in the Ca

current were not significantly different from those in the
current measured with normal pipette and external solu-
tions after these drugs at the respective concentration.

In another series of experiments, effects of UK-1745 on
the isoproterenol- and histamine-induced increases in the
Ca2q current were examined and compared with those of
milrinone. Isoproterenol at a concentration of 0.03 mM
markedly increased the Ca2q current, which was readily

Ž .blocked by 10 mM UK-1745 Fig. 5 . In six cells the peak
Ca2q current elicited by depolarizing pulses to 0 mV, was
significantly increased from y11.8 " 1.3 pArpF to

Ž .y31.5"4.3 pArpF P-0.05 by 0.03 mM isoprote-
renol, which was then significantly decreased to y22.4"

Ž .3.9 pArpF P-0.05 after the addition of 10 mM UK-
1745. The blocking effects of UK-1745 on the isoprote-
renol-induced increase in the Ca2q current readily disap-
peared after the washout of the drug. Histamine also
increased the Ca2q current in guinea-pig ventricular cells
probably via the stimulation of histamine–H receptors, as2

Ž .Fig. 3. Effects of a high concentration 100 mM of UK-1745 on
membrane currents of guinea-pig ventricular cells. Actual current traces
induced by depolarizing and hyperpolarizing pulses from a holding
potential of y40 mV before and after 100 mM UK-1745 in a single
ventricular cell are shown on upper panels. Current–voltage relations for
the peak current and the current at the end of 300 ms test pulse in the

Ž . Ž .absence open circles and presence closed circles of UK-1745, obtained
from six cells, are shown on lower panel. Values are expressed as
mean"S.E.M. U Represents a significant change from the control value at
P -0.05.
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Fig. 4. Effects of 30 mM milrinone on membrane currents of guinea-pig
ventricular cells. Actual current traces induced by depolarizing and
hyperpolarizing pulses from a holding potential of y40 mV before and
after 30 mM milrinone in a single ventricular cell are shown on upper
panels. Current–voltage relations for the peak current and the current at

Ž .the end of 300 ms test pulse in the absence open circles and presence
Ž .closed circles of milrinone, obtained from five cells, are shown on
lower panel. Values are expressed as mean"S.E.M. U Represents a
significant change from the control value at P -0.05.

Žpreviously reported Hescheler et al., 1987; Tanaka et al.,
. 2q1991; Yazawa and Abiko, 1993 . The peak Ca current

was significantly increased from y14.7"1.9 to y22.7"
Ž .3.5 pArpF ns5, P-0.05 by 1 mM histamine, which

Ž .was further increased to y41.0"4.9 pArpF P-0.05
after the addition of 10 mM UK-1745, as shown in Fig. 5.

As already mentioned, milrinone at a concentration 30
mM per se increased the Ca2q current, as shown in Fig. 6.
Milrinone at concentrations of 10 and 30 mM increased the

Ž .current by 119.1"4.0% ns5, P-0.05 and 162.4"
Ž .18.1% ns6, P-0.05 , respectively. The influence of

milrinone on the isoproterenol-induced increase in the
Ca2q current was quiet different from that of UK-1745.
Milrinone at a concentration of 10 mM potentiated the
isoproterenol-induced increase in the Ca2q current, as
shown in Fig. 6. In five cells the peak Ca2q current was

Žincreased from y12.2"1.0 to y28.5"3.9 pArpF P-
.0.05 after 0.03 mM isoproterenol, and it was further

Ž .increased to y39.5"4.7 pArpF P-0.05 after the
addition of 10 mM milrinone. Milrinone also potentiated

the histamine-induced increase in the Ca2q current. His-
Ž . 2qtamine 1 mM increased the peak of Ca current from

Ž .y16.0"1.5 to y30.2"6.7 pArpF ns5, Ps0.066 ,
and milrinone at a concentration of 10 mM further in-

Ž .creased it to y50.8"5.5 pArpF, ns5, P-0.05 . Thus,
both the increases in the L-type Ca2q current after iso-
proterenol and histamine were potentiated by milrinone.

˙Since UK-1745 decreased V in guinea-pig papillarymax
q Ž .muscles, effects of the drug on the Na current I wereNa

examined in isolated ventricular myocytes. The Naq cur-
rent was recorded by applying 50-ms depolarizing pulses
to y30 mV from a holding potential of y120 mV at 1.0
Hz. During a train of 30 pulses after a 5-min quiescent
period, the peak Naq current showed little change in the
absence of the drug. After the train of 30 pulses, the cells
were exposed to the external solution containing 10 or 100
mM UK-1745 without delivering any test pulses. After 3
min superfusion of the drug-containing solution, a train of
30 pulses were delivered. The tonic block, which was

Ž .Fig. 5. Effects of UK-1745 on the L-type calcium current I inCa

guinea-pig ventricular cells. Time course changes of I , which wasCa

elicited by a 300-ms depolarizing test pulse to 0 mV from a holding
Ž .potential of y40 mV, are shown in the upper part of each panel. A

Ž . Ž .Effects of UK-1745 10 mM on the isoproterenol 0.03 mM -induced
increase in I . Actual current traces obtained at the time point of a, bCa

Ž . Ž .and c are shown in lower part. B Effects of UK-1745 10 mM on the
Ž .histamine 1 mM -induced increase in I . Actual current traces obtainedCa

at the time point of a, b and c are shown in lower part. The dotted lines
indicate the zero current level.
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Ž .Fig. 6. Effects of milrinone on the L-type calcium current I inCa

guinea-pig ventricular cells. Time course changes of I , which wasCa

elicited by a 300-ms depolarizing test pulse to 0 mV from a holding
Ž .potential of y40 mV, are shown in the upper part of each panel. A

Ž .Effects of milrinone 30 mM on I . Actual current traces obtained atCa
Ž .the time point of a, b and c are shown in lower part. B Effects of

Ž . Ž .milrinone 10 mM on the isoproterenol 0.03 mM -induced increase in
I . Actual current traces obtained at the time point of a, b and c areCa

shown in lower part. The dotted lines indicate the zero current level.

designated as a percent decrease in the Naq current of the
first depolarizing pulse of the train after a pulse-free

Ž .period, was 9.8"9.4% ns6, n.s. and 55.3"7.9%
Ž .P-0.05, ns5 with 10 and 100 mM UK-1745, respec-

Ž . qtively Fig. 7 . The peak Na current was slightly and
gradually decreased with successive pulses, indicating that
use-dependent block with this drug would be small. Total
decrease in the peak Naq current by 10 and 100 mM

Ž .UK-1745 was 13.0"10.2% ns6, n.s. and 65.7"8.1%
Ž .P-0.05, ns5 , respectively. Such a large tonic block
and a small use-dependent block with UK-1745 were

˙confirmed in the measurement of V of the action poten-max
Ž .tial in guinea-pig papillary muscles data not shown .

4. Discussion

As substitute for digitalis glycoside, a number of new
cardiotonic drugs with diverse mechanisms of action have
emerged. However, most of them failed to give consistent

Žclinical benefits with long term therapy Reddy et al.,
.1997 . The goals of the treatment of congestive heart

failure may be improvement of survival rate and relief of
symptoms. Such a consideration led to the search for a
cardiotonic drug having mild positive inotropic action,
vasodilating action, neutral chronotropic action and antiar-
rhythmic action. Consequently, UK-1745 was developed

Žas a cardiotonic drug having these characteristics Uchida
.et al., 1998 .

UK-1745 was shown to produce a positive inotropic
response, which was comparable to that obtained with
vesnarinone, in isolated atrial preparations of the guinea
pig and blood-perfused papillary muscle preparations of

Ž .the dog Uchida et al., 1998 . The drug has also been
reported to produce a weak but definite concentration-de-
pendent positive inotropic effect in isolated canine right

Ž .ventricular trabeculae Sawada and Endoh, 1999 . In this
study, UK-1745 produced a mild positive inotropic re-
sponse, which was smaller than that produced by milri-
none, in guinea-pig papillary muscles stimulated at 0.5 Hz.
In terms of chronotropic action, UK-1745 was shown to
produce a slight negative chronotropic effect in its high
concentrations in isolated right atrial preparations of guinea

Ž .pigs Uchida et al., 1998 . Such a neutral chronotropic
effect has been observed with several cardiotonic drugs

Ž .such as vesnarinone Satoh and Hashimoto, 1984 , OPC-
Ž . Ž .18970 Hosokawa et al., 1992 , MCI-154 Eto et al., 1998

Ž . Ž .and q -EMD 60263 Ravens et al., 1997 . Lack of a
marked positive chronotropic response is in sharp contrast
with cardiotonic drugs having a potent phosphodiesterase

ŽIII-inhibitory action such as milrinone Brunkhorst et al.,
.1989 . Moreover, UK-1745 was demonstrated to exert

Ž .antiarrhythmic action Uchida et al., 1998 . In chloroform-
induced arrhythmias in mice, UK-1745 inhibited ventricu-
lar fibrillation more potently than mexiletine. Therefore,
we thought that it would be of importance to examine the
electropharmacological effect of UK-1745.

In guinea-pig papillary muscles stimulated at 0.5 Hz,
UK-1745 very slightly prolonged the APD at its low

˙concentrations and significantly decreased V at its highmax
Ž .concentration 100 mM . These findings suggest that UK-

1745 inhibits Naq and Kq channels. In support of this
concept is the observations in the patch–clamp experi-
ments that UK-1745 at a concentration of 100 mM inhib-
ited the outward tail current recorded on clamp back from
depolarizing pulses and the Naq current elicited by depo-
larizing pulses. Therefore, UK-1745 might inhibit the de-

q Ž . qlayed rectifier K current I and the fast Na currentK
Ž .I . However, the prolonging effect of UK-1745 on theNa

action potential was less prominent at its highest concen-
tration. The inhibitory effects of UK-1745 on the Naq

window current and the L-type Ca2q current might coun-
teract the action potential prolongation resulting from the
Kq channel inhibition. In contrast, milrinone slightly
shortened the APD. The decrease in the APD might be
attributable to an increase in the delayed rectifier Kq
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Fig. 7. Inhibitory effects of UK-1745 on the Naq current in single ventricular cells. A train of 30 pulses of 50-ms duration was applied to the cell after a
Ž . Ž . Ž . Žpulse-free period in the absence Control and the presence of 10 left or 100 mM UK-1745 right . Actual current traces induced by the first a, c, e and

. Ž . qg and the 30th b, d, f and h depolarizing pulses are shown in the lower panels. Note that UK-1745 produced a tonic block of the Na current.

current. It is well known that an increase in intracellular
cAMP leads to increase in the Kq current in isolated

Žventricular myocytes Kameyama et al., 1985; Yazawa and
.Kameyama, 1990 . These findings may imply that milri-

none produces a greater increase in intracellular cAMP
than UK-1745.

ŽConsistent with previous reports Malecot et al., 1986;
Sutko et al., 1986; Fujino et al., 1988; Fischmeister and
Hartzell, 1990; Kirstein et al., 1995; Varro and Papp,´

. 2q1995 , milrinone per se increased the L-type Ca current.
In addition, the drug also potentiated the isoproterenol- and
histamine-induced increases in the Ca2q current, indicating
the phosphodiesterase-III inhibitory action of milrinone.
On the other hand, UK-1745 failed to increase the Ca2q

current in concentrations examined and significantly de-
Ž .creased the current at its highest concentration 100 mM .

These findings suggest that UK-1745 possesses a direct
Ca2q channel blocking action and the increasing effect of
the drug on the Ca2q current might be too small to
overcome the run down or the direct inhibitory effect.
UK-1745 at a concentration of 10 mM effectively antago-
nized the isoproterenol-induced increase in the Ca2q cur-
rent although the drug potentiated the histamine-induced
increase in the Ca2q current. UK-1745 has been shown to

Žpossess a b-adrenoceptor blocking action Uchida et al.,
.1998; Sawada and Endoh, 1999 . In isolated canine ven-

tricular muscles UK-1745 antagonized the positive in-
otropic response to isoproterenol with a pA2 value of 5.70

Ž .Sawada and Endoh, 1999 . In addition, a receptor binding
study showed that UK-1745 competitively inhibited the

w125 xbinding of I iodopindolol to rat cortical membrane
Ž .Kawada et al., 1996 . The affinity of UK-1745 for b -1

adrenoceptors was about 10 times higher than that for
Ž .b -adrenoceptors Kawada et al., unpublished observation .2

Therefore, the inhibitory action of 10 mM UK-1745 on the
isoproterenol-induced increase in the Ca2q current might
be mainly due to the b -adrenoreceptor blocking action1

and the contribution of the direct inhibitory action on the
L-type Ca2q channel might be small. Consistent with

Žprevious reports Hescheler et al., 1987; Yazawa and
. 2qAbiko, 1993 , histamine slightly increased the Ca cur-

rent, probably via the activation of histamine-H receptor-2

cAMP pathway, in guinea-pig ventricular myocytes. UK-
1745 potentiated the histamine-induced increase in the
Ca2q current. This effect could be ascribed to the phos-
phodiesterase III-inhibitory action. UK-1745 was shown to
selectively inhibit phosphodiesterase III from dog cardiac

Žmuscle with IC values of 11.5 mM Uchida et al., 1998;50
.Kawada et al., unpublished observation . It may be curious

that UK-1745 increased the Ca2q current in the presence
of histamine but decreased the current in the presence of
isoproterenol. The b-adrenoceptor blocking action of the
drug might be more overt than the cAMP-generating ac-
tion resulting from the phosphodiesterase III inhibition.
UK-1745 increased the Ca2q current in the presence of
histamine but not in the basal condition. Since the in-
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hibitory action of UK-1745 on the phosphodiesterase III
might not be so strong as milrinone, the drug might
increase the intracellular cAMP level markedly in the
presence of the tonic stimulation of the cAMP-generating
system but very slightly in the basal condition.

Although UK-1745 produced a mild positive inotropic
response in guinea-pig papillary muscles, the drug failed to
increase the Ca2q current in guinea-pig ventricular cells.
One may ask how UK-1745 produced a positive inotropic
response in spite of the Ca2q channel blocking action. One
possible explanation may be that the stimulatory effect of
UK-1745 on the Ca2q current might be too small to
overcome the run-down of the current, which is inevitable
in such experimental conditions using patch–clamp tech-
niques. The second explanation may be that the Ca2q

channel blocking action of UK-1745 might be voltage-de-
pendent and the inhibitory effect on the current might be
less prominent in normally-polarized ventricular muscles,
in which a mild positive inotropic was observed. Accumu-
lation of intracellular cAMP is known to lead to a positive
inotropic response by producing an increase in transmem-
brane Ca2q influx through phosphorylated Ca2q channels
and an increase in the accumulation rate of Ca2q into the
sarcoplasmic reticulum associated with phospholamban

Ž .phosphorylation Tada and Katz, 1982 . Therefore, UK-
1745 might produce a positive inotropy by increasing
Ca2q uptake and Ca2q release through the sarcoplasmic
reticulum even if the transmembrane Ca2q influx was
reduced. However, the half relaxation time of contraction,
which reflects the accumulation rate of Ca2q into the
sarcoplasmic reticulum, was not shortened by UK-1745
although milrinone produced a marked positive inotropic
response concomitantly with a significant decrease in the
half-relaxation time. A slight action potential prolongation
secondary to the Kq channel inhibition by UK-1745 might
partly mask the accelerated relaxation. Whatever the mech-

Ž .anism s involved, it can be concluded that UK-1745 can
produce a mild positive inotropic response without exces-
sive increase of transmembrane Ca2q influx.

It has long been assumed and taught that b-adrenocep-
tor antagonists are contraindicated in heart failure because

Žof their short-term adverse effects Epstein and Braunwald,
.1966 . However, controlled clinical trials of several differ-

ent b-adrenoceptor antagonists have shown that these drugs
can reduce symptoms, improve left ventricular function,
increase functional capacity and reduce the risk of death
ŽWaagstein et al., 1993; CIBIS Investigators and Commit-

. Ž .tees 1994; Packer et al., 1996 . Although mechanism s
underlying the beneficial effects of b-adrenoceptor antago-
nists have not been well-defined, reduction of the detri-
mental, noradrenaline-induced tachycardia andror upregu-
lation of cardiac b-adrenoceptors as a result of exposure to

Žthe receptor antagonist have been proposed van Zwieten,
.1996 . Since UK-1745 shows b-adrenoceptor blocking

action, it may also provide the beneficial outcome during
long term treatment of congestive heart failure. However,

in some patients it is difficult to administer a pure b-adren-
oceptor antagonist because of exacerbation of cardiac con-

Ž .tractile dysfunction Charlap et al., 1989 . In such clinical
setting, a b-adrenoceptor antagonist with a mild car-
diotonic action such as UK-1745 may be used for the
improvement of quality of life as well as long term prog-

Ž .nosis. In this context, a recent report Shakar et al., 1998
has shown that combination therapy with enoximone, a
phosphodiesterase inhibitor, and metoprolol, an b -adren-1

oceptor antagonist, markedly improved the estimated prob-
ability of survival in patients with severe, class IV heart
failure. The mortality associated with the regimen was
better than that observed in CONSENSUS for patients

Žtreated with enalapril The CONSENSUS Trial Study
.Group, 1987 .

UK-1745 was demonstrated to exert antiarrhythmic ac-
tion against chloroform-induced arrhythmias in mice. Since
propranolol was shown to prevent the development of

Ž .ventricular fibrillation in this model Lawson, 1968 , the
b-adrenoceptor blocking action of UK-1745 might play an
important role. In addition, UK-1745 did not aggravate the
ventricular arrhythmias induced by two-stage coronary lig-

Ž .ation Kawada et al., 1996 , which was shown to be
aggravated by cAMP-generating cardiotonic drugs such as

Žamrinone and vesnarinone Piwonka et al., 1983;
.Hashimoto and Mitsuhashi, 1986 . From in vivo animal

experiments the therapeutic concentration of UK-1745
would be expected to be from 0.3 to 10 mM. Therefore,
the b-adrenoceptor blocking action may be more important
for the efficacy against various arrhythmias than the direct
inhibitory action on cardiac Naq and Ca2q channels.

In conclusion, UK-1745 is a unique cardiotonic drug
having b-adrenoceptor blocking and phosphodiesterase
III-inhibitory actions in addition to the direct inhibitory
actions on the Naq, Ca2q and Kq channels with its high
concentrations.
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