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1. Introduction

1.1 Clinical values of the anticancer drugs with anthraquinone structure

Anthraquinone-based antitumor drugs can be divided into two classes according to their
structural characteristics and their origin: (1) anthracycline antibiotics such as doxorubicin
(Figure 1) which are isolated from cultures of Streptomyces peucetius var. caesius; (2)
synthetic anthracenedione derivatives such as mitoxantrone (MTO) (Figure 1). Anthracycline
antibiotics have long been proven to be highly effective anticancer drugs which are widely
used in the treatment of acute leukemias, malignant lymphomas and a variety of solid tumors
(Young et al., 1981). The therapeutic use of these drugs, however, is limited by their
cardiotoxic effects which include various types of arrhythmia and life-threatening
cardiomyopathy (Kantrowitz and Bristow, 1984; Rhoden et al., 1993; Singal and lliskovic,
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Figure 1. Chemical structures of doxorubicin and mitoxantrone



1998). MTO, or 1,4-dihydroxy-5,8-bis{{2-[(2-hydroxyethyl)-amino]ethyl}-amino}-9,10-
anthracenedione dihydrochloride, was developed in an attempt to circumvent the
cardiotoxicity associated with doxorubicin (Johnson et al., 1979; Murdock et al., 1979). MTO
has antitumor activity similar to doxorubicin in animal tumor models (Wallace et al., 1979).
Clinically, MTO applied either as a single agent or as a component of combination treatment
regimens has demonstrated therapeutic efficacy in patients with a wide range of solid tumors
such as advanced breast cancer, non-Hodgkin's lymphoma and several forms of leukemia
(Shenkenberg and von Hoff, 1986; Weiss, 1989; Faulds et al., 1991). Like anthracycline
antibiotics, the antitumor effects of MTO result mainly from the blockade of DNA synthesis
which may be caused by: (1) intercalation of MTO between base pairs of DNA in actively
cycling cells; (2) inhibition of the DNA topoisomerase Il by MTO (Shenkenberg and von
Hoff, 1986; Malonne and Atassi, 1997). MTO has demonstrated considerably better
tolerability than anthracycline antibiotics with regard to the severity of nausea, vomiting,
stomatitis, alopecia and cardiotoxicity (Neidhart et al., 1986; Henderson et al., 1989), but
contrary to what was initially thought, adverse cardiac effects have also been clearly
documented with MTO (Shenkenberg and von Hoff, 1986; Faulds et al., 1991; Benjamin,
1995).

1.2 Cardiac toxic effects of anthracyclines and mitoxantrone
1.2.1 Animal studies

As the prototype of anthracyclines, doxorubicin has been most extensively investigated in
animal experiments regarding the cardiotoxicity (Olson and Mushlin, 1990). Doxorubicin has
also been regularly used as a reference compound in the experimental study of cardiotoxic
effects of MTO. In general, comparative studies on animal models revealed similar
pathological changes of myocardial structure and contractile function induced by MTO and
doxorubicin, although some experiments showed a much less severe myocardial damage
caused by MTO as compared to that of doxorubicin.

In early experiments on beagle dogs comparing the cardiotoxicity of doxorubicin and MTO,
abnormalities of electrocardiograms and lethal congestive heart failure were observed in
doxorubicin-treated animals; however, no such changes were seen in any dogs given MTO
(Henderson et al., 1982). Endomyocardial biopsy samples from dogs during treatment with
doxorubicin revealed progressive cardiomyopathy, but these changes were absent in MTO-
treated dogs. The only ultrastructural alteration induced by MTO was dilatation of the
sarcoplasmic reticulum (Sparano et al., 1982).



In other animal models, MTO did produce significant myocardial changes. A dose-related
impairment of cardiac contractility induced by MTO has been shown in the isolated and
perfused rabbit heart (Tumminello et al., 1987). In one report, MTO induced doxorubicin-like
focal myocardial damage in a mouse model and functionally reduced right atrial response to
histamine in guinea pigs (Perkins et al., 1984). A later study using a chronic mouse model
confirmed the myocardial damage caused by MTO (Alderton et al., 1992). Cardiac tissues
obtained from MTO-treated mice displayed mitochondria swelling, vacuolation and swelling
of the cisternae of the sarcoplasmic reticulum, dilation of the t-tubular system and slight
myofibrillar lysis. These ultrastructural changes were comparable to those induced by
doxorubicin, although the proportion of myocytes showing these alterations was smaller in
comparison to the doxorubicin-treated cell. Similar myocardial lesions were also
demonstrated in spontaneously hypertensive rats chronically treated with MTO (Herman et
al., 1997). The severity of MTO-induced cardiomyopathy in these rats was dose-dependent.

1.2.2 Clinical manifestations

Cardiotoxic effects associated with anthracycline chemotherapy have been regularly
documented in clinical studies (Blum and Carter, 1974; Kantrowitz and Bristow, 1984;
Rhoden and Hasleton, 1993; Singal and lliskovic, 1998). Anthracyclines can cause acute
cardiotoxic effects such as tachycardia, dysrhythmias and even sudden death (von Hoff et al,
1977; Wortman et al., 1979; Steinberg et al., 1987). The main delayed cardiotoxicity related
to anthracycline treatment includes cardiomyopathy and congestive heart failure which
become more frequent and severe when cumulative doses of doxorubicin increased (Lefrak et
al., 1973; von Hoff et al., 1979).

Similar to that of anthracycline antibiotics, the clinical manifestations of cardiotoxicity of
MTO can be divided into two categories: (a) acute effects manifested by cardiac arrhythmias,
and (b) a chronic effect in form of decreased ventricular function which may ultimately lead
to congestive heart failure.

Electrocardiographic changes seen during MTO therapy include non-specific ST-T wave
changes or T-wave abnormalities and atrial or ventricular arrhythmias (Posner et al., 1985).
One clinical study reported that 5 individuals in a cohort of 766 cancer patients developed
significant arrhythmias such as atrial or ventricular fibrillation while receiving MTO
treatment (Gams and Wesler, 1984). Myocardial infarction associated with MTO also

occurred in some patients (Clark et al., 1984; Gams and Wesler, 1984).



Reduction in left ventricular ejection fraction related to MTO therapy has been regularly
observed in clinical trials (Shenkenberg and von Hoff, 1986; Henderson et al., 1989;
Wiseman and Spencer, 1997). Some patients even experienced congestive heart failure with
MTO. The incidence of congestive heart failure is dependent on the cumulative dose of MTO
(Clark et al., 1984). Histopathologic changes typical of anthracycline cardiotoxicity have also
been demonstrated on endomyocardial biopsy from patients treated with MTO, although these
changes appear to be less severe than that induced by doxorubicin (Benjamin, 1995). The
observed ultrastructural alterations include tubular swelling, myofibrillar lysis, minimal
chromatin clumping, and degeneration of mitochondria (Unverferth et al., 1983).

Risk factors for the MTO-associated cardiotoxicity include previous anthracycline therapy,
mediastinal irradiation and a history of cardiovascular diseases (Faulds et al., 1991). Patients
older than 70 years of age seemed to be more vulnerable to MTO-related cardiotoxicity
(Benjamin, 1995).

1.3 Possible mechanisms of anthracycline and mitoxantrone cardiotoxicity

During the last two decades, various experimental approaches have been used in scientific
research for a better understanding of the mechanisms of cardiotoxic effects induced by
anthracyclines and MTO. These studies indicated that cardiotoxicity of anthracyclines and
MTO is not mediated by the same mechanisms as those underlying the antitumor effects of
these drugs, i.e., DNA intercalation and the inhibition of DNA topoisomerase Il (Olson and
Mushlin, 1990; Singal et al., 1997; Minotti et al., 1999). Based on the observed cellular and
molecular actions of doxorubicin on myocardium, various hypotheses have been put forward
to explain the cardiotoxicity of anthracyclins (Olson and Mushlin, 1990); the prevailing
hypotheses include: (1) free radical formation; (2) disturbance of calcium homeostasis. These

two hypotheses have also been tested for MTO.

1.3.1 Free radical and iron hypothesis

According to the free radical and iron hypothesis, the one-electron redox cycling of the
quinone moiety and/or of the iron complex of anthracycline is able to generate superoxide,
hydrogen peroxide and the extremely reactive hydroxyl radical which may cause cell damage
by oxidizing lipid membranes, proteins and DNA. (Myers et al., 1986; Powis, 1989; Ryan and
Aust, 1992). In addition to its ability to generate reactive oxygen species, anthracycline
semiquinones can also release iron from the cellular iron storage protein, ferritin, thus further

facilitate the formation of hydroxyl radical (Minotti, 1993).



In most cells, the chance for the formation of hydroxyl radical is kept to a minimum by the
presence of detoxifying enzymes (e.g., superoxide dismutase, catalase and glutathione
peroxidase). Consistent with the free radical and iron hypothesis, cardiomyocytes are poorly
equipped with these enzymes and thus may provide the ideal place for the formation of
hydroxyl radical (Olson et al., 1981). Other evidence supporting the free radical and iron
hypothesis came from the preclinical and clinical trials showing that iron chelator (e.g.,
dexrazoxane) can partially protect the heart from anthracycline-induced short-term damage
both in animal models and in patients during anthracycline therapy (Speyer et al., 1988; Dorr,
1996). On the other hand, controversy arouse from studies with antioxidants. Whereas
antioxidants such as vitamin E and N-acetylcysteine proved to be effective in ameliorating
anthracycline-induced myocardial damage (Dorr, 1996), no such protective effects could be
demonstrated in large animal models of anthracycline cardiotoxicity (van Vleet et al., 1980;
Herman et al., 1985) or in patients during doxorubicin therapy (Legha et al., 1982; Myers et
al, 1983). These conflicting results with antioxidants imply that the free radical and iron
hypothesis can not fully explain the anthracycline cardiotoxicity.

Compared with doxorubicin, MTO also contains quinone moiety and the structure necessary
for the formation of iron complex. Thus, it was believed that free radicals and iron may also
be involved in the cardiotoxicity of MTO. Several experimental studies have been carried out
to test this assumption. In cardiac sarcoplasmic reticulum and submitochondrial particles or
mitochondrial NADH dehydrogenase preparation, doxorubicin stimulated generation of
superoxide, hydrogen peroxide and hydroxyl radical, whereas no such effects were detected
with MTO (Doroshow and Davies, 1983; Doroshow, 1983). More surprisingly, in contrast to
doxorubicin, MTO has been shown to inhibit the basal and drug-stimulated lipid peroxidation
in a variety of subcellular systems including cardiac sarcosomes and mitochondria (Kharasch
and Novak, 1983). The attenuation of fatty acid peroxidation by MTO may results from an
inhibition of H,0,-dependent initiation and propagation reactions (Kharasch and Novak,
1985). In a mouse model treated with doxorubicin or MTO, the endogenous lipid peroxidation
rate in heart tissue was not influenced by MTO, but was increased by doxorubicin (Arnaiz and
Llesuy, 1993). The role of iron in the MTO cardiotoxicity has been tested in a chronic mouse
model (Alderton et al., 1992). It was shown that the iron chelator dexrazoxane could protect
the heart from damage induced by doxorubicin, but not by MTO. However, a later study,
using cultured neonatal rat cardiac cells as a acute test system, demonstrated that dexrazoxane

provided partial protection from MTO cardiotoxicity (Shipp et al., 1993). Taken together,
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most investigations so far did not suggest a significant role of the free radicals in the
cardiotoxicity of MTO.

1.3.2 Ca** hypothesis

Disturbance of intracellular Ca®* homeostasis has long been suggested to play an important
role in the anthracycline cardiotoxicity. Early studies revealed substantial accumulations of
Ca®* in ventricular myocardium and excessive Ca®* inclusions in mitochondria after the
treatment with doxorubicin, suggesting that anthracycline-induced cardiomyopathy may be
caused by overload of the intracellular Ca** (Olson et al, 1974; Revis and Marusic, 1979;
Singal et al, 1983). The Ca** overload hypothesis was then challenged by several other
studies. Jensen et al. (1986) proposed that doxorubicin-induced cardiac dysfunction is
associated with a deficiency rather than an excess of intracellular calcium. In their study,
papillary muscles isolated from rats chronically treated with doxorubicin exhibited decreased
contractility. Unlike what might be expected if anthracyclins caused a Ca®* overloaded state,
elevation of Ca®* concentration in the bath solution increased contraction more in
doxorubicin-treated than in control papillary muscles. Similar results were observed in a
rabbit Langendorff heart preparation (Rabkin, 1983). In this same study, doxorubicin caused a
significant reduction in the velocity of the ventricular pressure development during the
contraction, suggesting that the function of the cardiac sarcoplasmic reticulum (SR) may be
affected by doxorubicin.

The SR plays an important role in the regulation of cytoplasmic Ca®* concentration and,
thereby, the contraction-relaxation cycle of the cardiac muscle (Bers, 1992). Release of Ca**
from the SR induced by influx of Ca®* through sarcolemmal Ca®* channels during membrane
excitation triggers contraction (Fabiato, 1985), whereas active Ca’* reuptake by the SR
contributes to relaxation (Bassani et al., 1994). The evidence for a direct interference of
doxorubicin with SR function was provided by studies using isolated SR preparations. The
first experiment which clearly showed that doxorubicin triggers Ca** release from SR was
carried out in a highly purified SR fraction from rabbit skeletal muscle (Zorzato et al., 1985).
The results demonstrated that this effect was not associated with the production of
semiquinone, and it was proposed that doxorubicin selectively activated a Ca?* efflux
pathway in the SR. A similar effect was also observed in SR vesicles isolated from canine
heart (Kim et al., 1989). These results were further supported by studies addressing the
interactions between doxorubicin and SR Ca** release channels. In a skeletal muscle

preparation, doxorubicin was shown to interact specifically with the ryanodine receptor
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complex, which is part of the SR Ca®" release channel (Abramson et al., 1988). By
incorporating purified skeletal SR Ca*" release channels into lipid bilayers, Nagasaki and
Fleischer (1989) was able to demonstrate that doxorubicin directly activates the Ca®* release
channels by increasing the channel open probability. These observations in skeletal
preparations were confirmed by experiments using cardiac membrane vesicles enriched in SR
(Holmberg and Williams, 1990; Pessah, et al., 1990), or isolated cardiac SR Ca®" release
channels (Holmberg and Williams, 1990; Ondrias et al., 1990). When the acute effects of
doxorubicin were investigated in functionally intact guinea-pig cardiomyocytes, an impaired
Ca**-induced Ca*" release from SR during excitation was manifested by a significant decrease
in the velocity of the rising phase of intracellular Ca?* transient (Wang and Korth, 1995). This
phenomenon is as expected, since a doxorubicin-induced persistent opening of the SR Ca?*
release channel can attenuate the ability of SR to accumulate Ca** (Halili-Rutman et al.,1997),
and hence, reduce the SR Ca?* release in response to a normal action potential. In a chronic
rabbit model treated with doxorubicin, the density of the cardiac SR Ca?* release channels
was significantly reduced (Dodd et al., 1993). The magnitude of the decrease in cardiac SR
Ca”* release channel density was correlated with the severity of the cardiomyopathy. Thus,
the pathogenesis of anthracycline cardiotoxicity appears to involve both an altered function
and a decreased density of the SR Ca®* release channels.

The interaction of MTO with SR Ca?* release channels is complex. By using skeletal muscle
SR vesicles and chemically skinned psoas muscle fibers, Abramson et al. (1988)
demonstrated that MTO at low concentration (<10 pM) is a potent stimulator of Ca?* efflux
from SR. To elucidate the molecular mechanism of MTO-induced SR Ca** release, Holmberg
and Williams (1990) investigated directly the action of MTO on purified cardiac SR Ca**
release channels in artificial phospholipid bilayers. At low concentrations (1-10 uM), MTO
increased single channel open probability. However, when the drug concentration was
increased, a decreased open probability associated with longer opening events was observed.
The specific [*H]ryanodine binding to SR vesicles isolated from sheep hearts was also
inhibited by high concentration of MTO. Since [*H]ryanodine binds to the channel only in its
open state, high concentration of MTO seems to keep the Ca®* release channels in the closed
state. Even more complicated, Kim et al. (1994) showed that MTO and doxorubicin exhibited
antithetical activities towards the ryanodine receptor. Under conditions promoting channel
closure, doxorubicin markedly enhanced the binding of [*H]ryanodine, whereas MTO had
very low efficacy towards activating the binding of [*H]ryanodine. Unlike doxorubicin, MTO

assayed under conditions promoting channel opening inhibited the binding of [*H]ryanodine.
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When both drugs were present in combination, MTO competitively antagonized the ability of
doxorubicin to activate the ryanodine receptor. Furthermore, MTO per se did not alter active
Ca®* accumulation by SR but fully inhibited doxorubicin-induced Ca** release. The above
results suggest that MTO differ from doxorubicin in its action on the SR Ca*" release
channels.
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2. Aim of the study

As has been discussed above, although the acute and chronic cardiotoxicity of MTO has
been clearly described in clinical studies, its cellular and molecular mechanisms remain to be
clarified. The purpose of the present study was to investigate the acute effects of MTO on
electrophysiological and contractile processes of cardiac myocytes, and thereby to gain more
insight into the cellular mechanisms responsible for the cardiotoxicity of MTO. As a model,
the guinea-pig heart preparations were regularly used in this study. Some experiments were
carried out on rat or human cardiac preparations. The focus of the study has been set on the
influence of MTO on the excitation-contraction coupling in isolated guinea-pig ventricular
preparations.

The experiments were divided into three parts. In the first part, the effects of MTO on action
potentials and various types of membrane currents were determined by using intracellular
microelectrode recording and whole-cell patch-clamp techniques. The second part of
experiments concentrated on the effect of MTO on cardiac muscarinic receptors. Indirect
analysis using membrane currents as functional probes as well as direct radioligand binding
assay were utilized to identify the interaction of MTO with muscarinic receptors. In the third
part of experiments, the effects of MTO on myocardial contraction were investigated in
isolated multicellular preparations (papillary muscles) and ventricular myocytes. The methods
applied were the isometric contraction recording, the whole-cell patch-clamp method in
combination with a cell-edge detecting technique and fluorescencemicroscopy for the

quantification of intracellular Ca** concentration.
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3. Methods

3.1 Preparation of right ventricular papillary muscles

Guinea pigs of either sex weighing 250 to 350 g were anaesthetized with ether or halothan
and subsequently killed by cervical dislocation. After opening the thorax, the heart was
rapidly removed and transferred into a pre-warmed modified Krebs-Henseleit solution
vigorously gassed with 95% O, and 5% CO,. Right ventricular papillary muscles (diameter,
0.5 to 0.8 mm), with the tendons attached to them, were carefully excised from the isolated
heart and mounted in a two-cambered organ bath with internal circulation of the modified
Krebs-Henseleit solution (volume, 50 ml). The bath solution was constantly gassed and kept
in circulation by 95% O, and 5% CO,; the temperature was maintained at 35°C by a
thermostat. The modified Krebs-Henseleit solution had the following composition (in mM):
NaCl 115, KCI 4.7, MgS0O, 1.2, CaCl, 2.0, NaHCOj3; 25, KH,PO, 1.2, and glucose 10. The pH

of the solution was 7.4.

3.2 Contraction measurement in papillary muscles

The papillary muscles were mounted vertically, with their basal end fixed by a stainless-steel
clamp and their tendon connected to a force transducer. The muscles were stimulated at their
base through two punctate platinum electrodes with square-wave pulses of 2 ms in duration
and an intensity 10% above threshold. To suppress the stimulation-evoked release of
endogenous catecholamines, all experiments were performed in the presence of 20 nM
tetrodotoxin (TTX), which blocks Na* channels of nerve endings (the exocytotic release of
endogenous catecholamines depends on the depolarization of sympathetic nerve endings in
the heart), but has almost no effects on the electrical and mechanical properties of myocardial
cells (Honerjager, 1982; Sakakibara et al., 1993). The force of contraction was measured
isometrically by means of an inductive force transducer (Q-11, 10p, Hottinger Baldwin
MeRtechnik, Germany) connected to an oscilloscope and a digital audio tape recorder (DAT-
recorder DTR-1202, Bio-Logic, France). Each muscle was stretched to reach a resting tension
of 4 mN. At this resting tension the force of contraction produced by the muscles was
approximately maximal under the present experimental conditions. The resting tension was
kept constant throughout the experiment. An equilibration period of at least 1 h at a
stimulation frequency of 1 Hz preceded each experiment. Subsequently, the frequency of

stimulation was lowered to 0.5 Hz, and the drug intervention was started as soon as the force
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of contraction had reached a steady state. The following parameters of the isometric
contraction were evaluated: peak force of contraction, time to peak force and relaxation time

(measured at 90% of relaxation).

3.3 Action potential measurement in papillary muscles

Papillary muscles were mounted horizontally in the bath and stimulated via two punctate
platinum electrodes with square-wave pulses of 2 ms in duration and an intensity 10% above
threshold. Transmembrane electrical activity was recorded with conventional glass
microelectrodes. The microelectrodes were made of borosilicate glass capillaries (TW-150F-
4, World Precision Instrument, New Haven, CT, U.S.A.). The capillaries were heated and
pulled by an electrode-puller (DMZ-Universal Puller, Miinchen, Germany) into two parts,
each with a fine open tip <1 um in diameter. The lumen of the microelectrodes was filled with
filtered 3 M KCI and connected to a Ag-AgCl half-cell via an microelectrode holder. The tip
resistances of the microelectrodes ranged from 10 to 20 MQ. The impalement of the cells
with the microelectrode was achieved via a micromanipulator (Leitz, Wetzlar, Germany).
Membrane potentials were measured by means of an electrometer amplifier (model 773,
World Precision Instruments), and the signals were stored on a DAT-recorder (DTR-1202,
Bio-Logic, France) and subsequently evaluated by a computer. The maximum rate of rise of
the action potential (Vmax) Was obtained by an electronic differentiator with linear
differentiation in the range 0 to 1000 V/s. Only experiments with microelectrode impalement

lasting throughout the entire experimental period were accepted for evaluation.

3.4 Isolation of cardiac myocytes

Cardiac myocytes were prepared from ventricles or atria of adult guinea pigs or rats by
enzymatic dissociation according to Powell et al. (1980) with some modifications. The
animals were anaesthetized with ether or halothane and subsequently killed by cervical
dislocation. After opening the chest, the heart was excised, with a section of the aorta (about 4
mm) attached to it, and put into a modified Krebs-Henseleit solution gassed with 95% O, and
5% CO,. After quickly trimming away other tissues, the heart was connected via the aorta to a
Langendorff perfusion apparatus. The heart was retrogradely perfused at 37°C and at a
constant rate of 10 ml/min with the following solutions: 5 minutes with a nominally Ca?*-free
Joklik-MEM solution (Biochrom; see Table 1 for the composition) and then, 5-15 minutes
with the same solution to which had been added 50 uM CacCl,, collagenase (Worthington type
I, 25 mg/50 ml, Biochrom), protease (type XIV, 10 mg/50 ml, Sigma), and 0.1% bovine
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serum albumin (fraction V, Sigma). All solutions were gassed with 5% CO, in O,; the pH was
7.4. After perfusion, the ventricles or the atria were separated, minced and incubated in fresh
enzyme solution at 37°C for 5-10 min. The myocytes were then disaggregated by gentle
mechanical agitation. After filtration through a nylon mesh, the cells were centrifuged at 37g
for 3 minutes and then resuspended in Joklik-MEM solution containing 300 uM CaCl, and
1% bovine serum albumin. The cell suspension was kept at room temperature under a
continuous stream of 5% CO, in O, and used for experiments within 6 h after isolation.
Usually, the yield of Ca®*-tolerant rod-shaped ventricular myocytes with clear cross striation
was 50-80% (Figure 2). The yield of relaxed atrial myocytes was 40-70%.

Figure 2. Typical appearance of the enzymatically isolated guinea-pig ventricular myocytes

under light microscope. Myocytes that have rod shape and display clear cross striation were
chosen for experiments. Granulated cells are those which were damaged during isolation

procedure.
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Table 1. Composition of Joklik modification of Minimum Essential Medium (Joklik-MEM).

Chemicals mg/I Chemicals mg/I
KCI 400 L-methionine 15
MgCl, (anhydrous) 93.8 L-pheneylalanine 32
NaCl 6500 L-threonine 48
NaH,PO, 1327 L-tryptophane 10
NaHCO3; 2000 L-tyrosine-2Na 47
D-glucose 2000 L-valine 46
Phenol red 10 D-Ca-pantothenate 1
L-arginine 126 Choline chloride 1
L-cystine@H,0 324 Folic acid 1
L-glutamic acid 294 i-Inositol 2
L-histidine 31 Nicotinamide 1
L-isoleucine 52 PyrodoxalHCI 1
L-leucine 52 Riboflavin 0.1
L-lysine 58 ThiamineHCl 1

Table 2. Composition of patch-electrode filling solutions for different measurements (mM).

Action potential lk1
Chemicals Cell shortening lcaq) I backgroud Ik.Ach
Ca®* transient Ik & lyr
KCI 125 125 125
NaCl 5
CsCl 125
MgSO, 2 2 2
K2ATP 5 5 5
MgATP 5
TEA-CI 20
EGTA 10 5 5
HEPES 5 5 5 5
GTP or GTP-yS 0.1
pH 7.3 pH 7.3 pH 7.3 pH 7.3
(with KOH) (with CsOH) (with KOH) (with KOH)
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Before each experiment, a drop of cell suspension was added to a Tyrode solution in the
recording chamber (volume, 0.5 ml) mounted on an inverted microscope (Axiovert 10, Carl
Zeiss, Germany). The Tyrode solution contained (in mM): NaCl 138, MgSO, 1.2, CaCl; 2,
KCI 5, glucose 10, HEPES 5; the pH was 7.4. After the cells had attached to the bottom, the
bath was perfused at a flow rate of 4 ml/min with prewarmed Tyrode solution continuously
gassed with O,. A thermoprobe was placed near the cell, and the temperature in the bath
(34°C to 35°C) was continuously controlled with a thermoelectric device (HFTC 15-3, NPI,
Tamm, Germany). Only cells with clear cross striations and no membrane blebs were chosen

for experiments.

3.5 Whole-cell patch-clamp technique

Patch-clamp experiments were performed in whole-cell configuration according to a method
developed by Hamill et al (1981). Patch electrodes were fabricated from borosilicate glass
capillaries (TW150F-4, World Precision Instruments) which were pulled by a electrode puller
(DMZz-Universal Puller, Mlinchen, Germany) in two stages into two separate parts, each with
a tip openings of about 3 um in diameter. The resistance of the patch electrodes ranged from
1.5 to 3 MQ when filled with prefiltered electrode solutions of different composition (Table
2). The electrode was connected via an adapter to the probe of a patch-clamp amplifier
(EPC7, List Medical Electronics, Germany). The probe was directly mounted on a three-
dimensional hydraulic micromanipulator (MO-103M, Narishige, Japan).

For the formation of standard whole-cell configuration (Figure 3), the patch electrode was
first moved down towards the cell, and the tip of the electrode was pressed against the cell
surface to form a tight seal between electrode tip and membrane patch. After the resistance of
the seal was increased into the gigaohm range via exertion of slight negative pressure in the
electrode, the membrane patch under the electrode tip was ruptured by a short suction so that
the whole-cell configuration was finally established.

To avoid possible loss of cytoplasmic diffusible components which may occur under
standard whole-cell patch configuration, perforated whole-cell patch configuration (Horn and
Marty, 198) (Figure 3) was used in some experiments. In this case, the membrane patch was
not ruptured after formation of a gigaohm seal. Instead, the polyene antibiotic amphotericin B
was used to permeabalize the membrane patch. Amphotericin B has the ability to form tiny
pores in the membrane which enable a low-resistance electrical access to the cell interior, and
allow passage of only small ions, thus preventing wash-out of intracellular macromolecules.

Amphotericin B was first dissolved in DMSO (60 mg/ml), and then added to the electrode
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filling solution to reach a final concentration of 300 pg/ml. An ultrasonicator was used to
facilitate the solvation of amphotericin B. The process of perforation of the membrane patch
was monitored by observing the change of the capacitative current in response to repetitive
small voltage steps. Usually, 10-15 min were needed before the capacitative current increased

to a stable level and series resistance reduced to <10 MQ.

Standard whole-cell recording

Figure 3. Two different types of the

Macromolecule

whole-cell patch-clamp configuration.

CeII " In contrast to the standard configuration,
Glass electrode the ampotericin B-perforated whole-cell

patch-clamp configuration prevents the

intracellular  macromolecules  from

diffusing out of the cells.

Perforated whole-cell recording

Amphotericin B

The whole-cell voltage clamp was achieved by means of the EPC7 patch-clamp amplifier,
connected via a 16 bit A/D interface to a Pentium IBM clone computer. The cell capacitance
and series resistance were compensated before each measurement. The current and voltage
signals were filtered at 3 kHz and subsequently sampled at 2 kHz. Data acquisition and
analysis was performed with an ISO-3 multitasking patch-clamp program (MFK,

Niedernhausen, Germany).
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3.6 Action potential measurement in single cells

Action potentials of single ventricular myocytes were recorded using whole-cell current
clamp. The composition of the electrode filling solution is shown in Table 2. The cells were
stimulated by a current pulse of 4-ms duration and with an amplitude 10% above the
threshold. Stimulation frequency was 0.5 Hz. The following parameters were evaluated:
resting membrane potential, action potential amplitude, and action potential duration
measured at 90% repolarization (APDg). Only cells with a resting membrane potential more

negative than -75 mV were used for the experiments.

3.7 Measurement of ionic currents

Whole-cell voltage clamp was used to measure the membrane ionic currents. In most cases,
the recorded current amplitude was normalized by membrane capacitance (C,,) to obtain the
current density. The value of C, was calculated as the area under the uncompensated
capacitative transient divided by the amplitude of a hyperpolarizing pulse of 5 mV (from -75
mV to -80 mV) applied immediately after formation of the whole-cell configuration.
Depending on the type of currents being investigated, different electrode filling solutions
were used. The composition of electrode filling solutions for the recording of various ionic

currents is listed in Table 2.

3.7.1 L-type Ca* current

The L-type Ca®* current (Icaw) ) was elicited in guinea-pig ventricular myocytes by applying
a test pulse of 300-ms duration every 5 s from a holding potential of -80 mV. A prepulse to -
40 mV of 40-ms duration preceded each test pulse to inactivate both fast Na* and T-type Ca**
currents. Alternatively, the holding potential was set at -40 mV instead of -80 mV. The
amplitude of Ica) was measured as peak inward current with respect to the zero current level.
To eliminate interfering K* currents, CsCl and Tetraethylammoniumchlorid (TEA-CI) were
included in the electrode filling solution (Table 2), and KCI in the Tyrode solution was

replaced by equimolar CsCI.

3.7.2 Voltage-dependent K* currents

Steady-state membrane K* currents which include mainly the inward rectifier K* current
(k1) and the delayed rectifier K* current (Ix) were elicited in guinea-pig ventricular myocytes
by applying hyperpolarizing and depolarizing test pulses ranging from —100 to 40 mV for 1 s
from a holding potential of -40 mV at a rate of 0.1 Hz. The steady-state membrane K* current
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was measured as the net current at the end of the clamp step with respect to the zero current
level. In order to measure the background currents activating in the potential range of —100 to
0 mV, test pulses of 100-ms duration were applied from a holding potential of -40 mV, and 1
mM BaCl, was included in the bath solution to block the interfering Ix;.

More reliable determination of Ik in guinea-pig ventricular myocytes was achieved by
measuring the outward tail currents elicited on repolarization to -40 mV at the end of 1-s or
250-ms depolarizing clamp steps. The amplitude of the deactivating Ik tail was measured as
the difference between the peak outward tail current and the steady-state current at -40 mV. In
some experiments, nominally Ca?*-free Tyrode solution was used to allow measurement of
the rapidly activating I (lk;) without contamination of the slowly activating Ik (Iks)
(Sanguinetti and Jurkiewicz, 1990b; Jurkiewicz and Sanguinetti, 1993). In this case, cells
were depolarized to -10 mV for 500 ms from a holding potential of -40 mV. Both the steady-
state current at the end of depolarization and the tail current upon repolarization were
evaluated.

The transient outward current (l,) was measured in rat ventricular myocytes by applying test
pulses of 500 ms every 5 s from a holding potential of -80 mV. To inactivate interfering Na*
currents, a prepulse of 100 ms to -60 mV preceded each test pulse.

For the measurement of all the aforementioned voltage-dependent K* currents or background

currents, the external bath solution contained 0.3 uM nisoldipine in order to block interfering

lca)-

3.7.3 Muscarinic receptor gated K* current

Guinea-pig atrial myocytes were used for the measurement of muscarinic receptor gated K*
currents (Ix ach). The membrane potential was clamped constantly at -50 mV. Since the Kach
channels are directly activated by membrane delimited Gj-proteins (Yamada, et al., 1998),
I« ach Was induced either by superfusing the cells with 1 uM carbamylcholine or 1 uM (-)-N°-
phenylisopropyladenosine (R-PI1A) to stimulate Gj-protein coupled muscarinic- or adenosine
receptors, respectively, or by including 100 uM Guanosine-5’-O-(3-thiotriphosphate) (GTP-

yS) in the electrode filling solution to persistently activate the G;-proteins.

3.8 Cell shortening
Single ventricular myocytes were stimulated at 0.5 Hz by either current clamp or action
potential clamp (AP clamp) in the whole-cell patch-clamp configuration. The composition of

electrode filling solution was as same as that for single-cell action potential measurement
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(Table 2). For AP clamp, action potentials were recorded from a typical cell in the current
clamp mode and stored in the computer. These action potentials served then as voltage-
commands to clamp other cells and to elicit contractions. Cell length was monitored using a
stable light source (Gossen-Konstanter, Erlangen, Germany) to form a bright field image of
the cell, which was projected onto a photodiode array (Laser 2000, Weliling, Germany) with a
4-ms scan rate, and changes in cell length during contraction were quantified via edge
tracking. The signal was then transmitted to a computer for on-line analysis. Peak shortening,
time to peak shortening, relaxation time and shortening duration (measured at 80% of

relaxation) were evaluated.

3.9 Ca* transients

Guinea-pig ventricular myocytes were added to the recording chamber mounted on an
inverted microscope adapted for epifluorescence measurement (Figure 4). Single cells were
loaded for 5-10 min via the patch electrode filled with 30 uM of the Ca**-senstive dye fura-2
pentasodium salt dissolved in the electrode filling solution (for composition see Table 2). The
dye was alternately (200 Hz) excited at 340- and 380-nm wavelengths of light generated by a
Deltascan illumination system (Photon Technology International, Brunswick, NJ, U.S.A).
Emission fluorescence at 510 nm was detected with a photon-counting photomultiplier tube
(Model 810, Photon Technology International) and subsequently transferred to a computer.
Data acquisition and analysis was carried out by a Felix™ program (Photon Technology
International). Autofluorescence of the cells was measured after establishment of a gigaohm-
seal and was subsequently subtracted from the recorded data. Intracellular calibration
procedure was adapted from a method described previously (Ganitkevich and Isenberg,
1991). The ratio (R) of fluorescence signals recorded at 340 and 380 nm excitation
wavelengths was converted to intracellular Ca®* concentration ([Ca*'])) by the following
equation:

[Ca”*]; = Ka X[(R-Rumin)/(Rmax-R)]%S30/Sbsso

where Ky is the dissociation constant of fura-2 which was taken as 224 nM (Grynkiewicz et
al, 1985); Rmin and Rax are the fluorescence ratio values under Ca**~free and Ca**—saturating
conditions, respectively, and Sfsg and Shsg are the fluorescence values for Ca’*—free and
Ca**—saturating forms of fura-2 measured at 380 nm excitation wavelength. Rmax and Sbago
were determined by superfusing the cells with bath solution containing 2 mM Ca?* and 10 pM

of the Ca**-ionophore ionomycin, and by voltage-clamping the membrane potential to —200
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mV. To obtain the values of Ry, and Sfsgo, cells were perfused with an electrode filling
solution containing 10 mM EGTA.
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Figure 4. Schematic drawing of the experimental setup for the measurement of the intracellular
Ca®* transient using fura-2 fluorescent indicator. Excitation light coming from xenon lamp is
directed alternatively via a automatically controlled chopper wheel (CW) to two monochromators
(MC1 or MC2) which are set at 340 or 380 nm wavelength, respectively. The monochromatic light
from MCL1 or MC2 is then directed via a fiber optical cable onto a dichroic mirror (DM) which on
the one side reflects the monochromatic light to the fura-2 loaded single cell, and on the other side
permits the fluorescent light emitted from the cell to pass through. After being filtered by a 510 nm
filter, the emission light is detected by a photomultiplier (PM) which then transferred the

converted signals to a computer for on-line analysis.

3.10 Membrane preparation

Sarcolemmal membranes were prepared from frozen left atrial tissues from a patient with
dilated cardiomyopathy who underwent cardiac transplantation. The tissues were minced with
scissors and homogenized in 8-fold volumes of ice-cold homogenization buffer (50 mM Tris,
5 mM MgCl,, 5 mM EDTA, 1 mM EGTA, and 2 pg/ml aprotinin, pH adjusted to 7.5) with an
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Ultraturrax homogenizer three times for 15 sec at maximal speed. The homogenate was
filtered through a 200-um gauze and centrifuged for 30 min at 4 °C and 500 x g. The
supernatant was supplemented with 107 mM KCI and 20 mM MOPS, pH 7.4; incubated for
10 min on ice; and centrifuged for 60 min at 100,000 x g at 4 °C. The pellet was resuspended
in 60 mM KCI and 20 mM Tris, pH 7.4, with a short burst of an Ultraturrax at medium speed
and respun at 100,000 x g for 45 min at 4 °C. The final pellet was resuspended in
homogenization buffer and stored in aliquots at -80 °C. The protein yield was 9.92 mg/g wet
weight as determined according to Bradford (1976) using bovine serum albumin as a

standard.

3.11 Radioligand binding

The density of the muscarinic receptors was determined by saturation binding experiments
with the nonselective muscarinic receptor antagonist [*H]-quinuclidinyl benzylate ([*H]-QNB,
42 Ci/mmol) at room temperature (22-24°C), using 40-80 pug membrane protein in an assay
buffer of 20 mM Tris, 100 mM NaCl, 0.5 mM EDTA, pH 7.4, and in total volume of 250 pl.
The reaction was terminated by rapid filtration through glass-fiber filters (MAFB NOB;
Millipore, Bedford, U.S.A.). The radioactivity bound to the filters was determined by
scintillation counting after an over-night incubation. Association/dissociation Kinetics were
tested over 120 min of association and 120 min of dissociation after the addition of 1 uM
atropine at 90 min. Under these conditions, binding reached an equilibrium after 60 min and
remained stable between 60 and 120 min. All further reactions were performed after a 90-min
incubation in triplicate. Non-specific binding was defined as bound radioligand in the
presence of 1 uM atropine and was subtracted from the total binding to calculate specific
binding. To test whether MTO competes with [*H]-QNB for binding to human atrial
membranes, two sets of experiments were performed. First, saturation experiments with [°H]-
QNB were performed in the absence and presence of 30 UM MTO. Second, binding of several
fixed concentrations of [°H]-QNB (0.70 to 2.91 nM) was displaced by MTO (0.1 to 1000
pHM). All reactions were performed at least twice in triplicate. The software GraphPad (San
Diago, U.S.A.) was used to fit displacement curves and to calculate dissociation constants.

3.12 Chemicals
- Amphotericin B: Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany
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- Atropine: Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany

- Carbamylcholine: Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany

- D-Sotalol: Bristol-Myers Co., Wallingford, CT, U.S.A.

- Fura-2 pentasodium salt: Calbiochem-Novabiochem Co., La Jolla, CA, U.S.A.

- Guanosine-5’-O-(3-thiotriphosphate): Sigma-Aldrich Chemie GmbH, Deisenhofen,Germany
- [®H]-quinuclidinyl benzylate: DuPont-New England Nuclear, Boston, U.S.A.

- (x)-Isoproterenol: Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany

- Mitoxantrone hydrochloride: Lederle GmbH, Minster, Germany

- Nisoldipine: Bayer AG, Wuppertal, Germany

- (-)-N®-phenylisopropyladenosine: Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany
- Tetrodotoxin: Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany

3.13 Statistics
Where appropriate, results are presented as means + SEM. Significance tests were performed
using Student’s t test for paired observations. Differences between means were regarded

statistically significant at p< 0.05.
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4. Results

4.1 Action potential duration in papillary muscles

As shown in Figure 5A and substantiated in four other papillary muscles, 30 pM MTO
produced a time-dependent prolongation of APD at all levels of repolarization. Three hours
after the application of MTO, APD measured at 90% repolarization (APDgo) had increased
from 223 = 14 ms (control) to 295 + 18 ms, i.e. by 32% (Figure 5B, n = 5). MTO had no
significant effects on resting membrane potential, Vax, and action potential amplitude. The

values before (n = 5) and 3 h after the addition of 30 uM MTO were -84 + 1 and -85 + 2 mV
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Figure 5. Prolongation of action potential duration (APD) induced by MTO in guinea-pig
ventricular papillary muscles. The muscles were electrically stimulated at 0.5 Hz. A, superimposed
original recordings showing the time-dependent prolongation of APD in the presence of 30 uM
MTO. B, summary of the increase in APD measured at 90% repolarization (APDyy) 3 h after
incubation with 30 uM MTO. **, p<0.01 versus control.
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for the resting potential, 214 + 19 and 203 £ 16 V/s for Vimax, and 120 £ 4 and 118 + 3 mV for
the action potential amplitude.

Figure 6 shows that APD prolongation induced by 30 uM MTO was successively reduced by
increasing the stimulation frequency. As shown by the original action potentials in Figure 6A,
MTO completely lost its APD-prolonging effect at a stimulation frequency of 4 Hz. Figure 6B
compares the influence of stimulation frequency on the extent of APD prolongation induced
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Figure 6. Reverse rate-dependence of the prolongation of action potential duration (APD) by
MTO in guinea-pig ventricular papillary muscles. The effect of MTO was measured 3 h after its
addition to the bath. A, superimposed original recordings showing the effect of 30 uM MTO on
APD in the same muscle at two different stimulation frequencies. B, comparison of the reverse
rate-dependence of the prolongation of APDg, by 30 uM MTO and 30 pM d-sotalol. The effect of
d-sotalol was evaluated 30 min after its addition to the bath. Two different groups are compared.
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by 30 uM MTO and 30 puM d-sotalol, a class Il antiarrhythmic drug. It can be clearly seen

that APD prolongation caused by both drugs exhibit reverse rate-dependency.

4.2 Action potential duration in ventricular myocytes

The effect of MTO on action potential duration (APD) was also investigated in isolated
guinea-pig ventricular myocytes that had been current-clamped in the whole-cell clamp
configuration (Figure 7). In the absence of MTO, cells stimulated at 0.5 Hz had resting
potentials in the range -76 to -85 mV (mean of thirteen cells -79.3 £ 0.7 mV) and displayed
action potentials with a mean duration of 260.7 = 7.7 ms when measured at 90%

repolarization (n = 13). As shown in Figure 7B, without drug-intervention APDgy, shortened
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Figure 7. Effect of MTO on the action potential duration (APD) in guinea-pig ventricular
myocytes. Action potentials were evoked with current-clamp at a frequency of 0.5 Hz. A,
recordings showing time-dependent prolongation of APD induced by 30 uM MTO. All action
potentials were continuously recorded from one cell. B, time-dependent change of APDy, in

control cells and in cells superfused with 30 pM MTO.
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under continuous stimulation within 1 h by 19.3% (n = 5), whereas MTO prolonged APDgg
after 1 h by 60.6% (n = 8). Not surprisingly for cells with such a pronounced prolongation of
APD, some cells exposed for more than 1 h to 30 uM MTO displayed early after-
depolarizations (Figure 8).

MTO
O —_
mV Control
_80 — —
200 ms

Figure 8. Superimposed original traces showing the early afterdepolarization recorded from a
guinea-pig ventricular myocyte which had been treated with 30 pM MTO for 1 h. The cell was
stimulated at 0.5 Hz under current clamp.

In three other cell groups, APDgy was determined after 1 h of incubation with either 30 uM
MTO, 10 uM tetrodotoxin (TTX), or 10 uM TTX plus 30 pM MTO. As shown in Figure 9,
APDy, of six cells treated with 30 UM MTO was 500.5 + 36.5 ms and thus significantly longer
than APD in untreated cells (P<0.01). The ability of MTO to prolong APD was preserved in
the presence of TTX. Although TTX significantly shortened APDg, as has previously been
observed (Kiyosue and Arita, 1989), MTO prolonged APDg, in the presence of TTX to 463.2
+22.9 ms (n = 8; Figure 9). There was no significant difference in the prolongation of APD
by MTO when TTX was present; MTO increased APDgy, by 91.8% in the absence and by
100.4 % in the presence of 10 uM TTX. The results clearly exclude the possibility of a TTX-
sensitive Na" window current contributing to the APD prolongation produced by MTO. Other
parameters of the action potential, such as resting potential and action potential amplitude,

were not significantly affected by MTO.
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Figure 9. Failure of tetrodotoxin (TTX) to prevent the prolongation of APDg, induced by
superfusion of guinea-pig ventricular myocytes with 30 pM MTO for 1 h. The cells were
stimulated at 0.5 Hz under current clamp. APDy, was measured in the absence (Control) and in the
presence of either 30 uM MTO, 10 uM TTX, or 30 uM MTO plus 10 uM TTX. Data from four
different cell groups are compared. Numbers of cells in each group are given in parentheses. **,
p<0.01.

4.3 Voltage-dependent K* currents

To test for a possible interaction of MTO with K* currents, myocytes were clamped from a
holding potential of -40 mV to voltages between -100 and +40 mV in 10-mV steps for 1 s. As
shown by the current-voltage relations in Figure 10, pretreatment of cells with 30 uM MTO
for 1 h produced a significant decrease of the inward rectifier K* current (Ix1). K* currents
activated at potentials positive to -30 mV, i.e., potentials at which the time-dependent delayed
rectifier K* current (lx) activates, were likewise suppressed by 30 uM MTO. Currents elicited
by clamp steps to voltages positive to +20 mV, however, were not inhibited by MTO. The
effect of MTO on Ik was therefore investigated in more detail by measuring the outward tail
currents elicited on repolarization to -40 mV after depolarizing step potentials from a holding

potential of -40 mV to +70 mV in 10 mV increments for 1s. Typical recordings obtained
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Figure 10. Current-voltage relation of the steady-state K* currents of guinea-pig ventricular
myocytes in the absence (Control) and in the presence of 30 UM MTO. The drug effect was
measured 1 h after its addition to the cells. Currents were evoked by applying 1-s depolarizing or
hyperpolarizing pulses in 10 mV steps from a holding potential of -40 mV every 10 s as depicted
in inset. The mean current densities are plotted against the respective test potentials. Data from

two different cell groups are compared. *, p<0.05 and **, p<0.01 versus control.

from two different cells clamped from -40 to +60 mV in several steps are shown in Figure
11A; peak tail currents are clearly suppressed at all potentials in the MTO-pretreated cells
whereas time-dependent Ik was not affected at potentials positive to +20 mV. In Figure 11B,
tail currents were plotted as a function of membrane potential, and it can be seen that
currents in the presence of MTO (closed circles) were suppressed at all voltages. Inspection

of Figure 11B reveals that the current-voltage relations in the absence and in the
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presence of MTO are characterized by an outward hump which indicates that I is
composed of a low (-30 to +10 mV) and a high voltage (>+20 mV) component.

Figure 12 (open circles) demonstrates that inhibition of Ik tail currents by MTO is largest at
lower voltages (by 50 to 60% at -30 to +10 mV) and decreases at more positive potentials.
When Ik tail currents were elicited by short voltage pulses of 250 ms, inhibition by MTO did
not differ from long pulses in the lower voltage range but was more sustained at more positive

potentials (Figure 12, closed circles).
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Figure 11. Inhibition of Ix by MTO in guinea-pig ventricular myocytes. I was elicited very 10 s
by voltage protocols as indicated in the inset of panel A and B. The drug effect was determined 60
min after its addition to the myocytes. A, superimposed traces showing Iy steady-state currents and
tail currents of a control cell (C,=80 pF) and of a cell superfused with 30 pM MTO (C,,=83 pF).
B, Ik tail current-voltage relations in the absence (control) and in the presence of 30 pM MTO.
The mean Iy tail current densities from two different cell groups at the respective test potentials are
compared.



33

= 60 - o 1s
S ® 250 ms
=
o
5 50 1
(&)
.f_§
_:c
s 40 1
c
§e]
i)
-E 30 A
-40 -20 0 20 40 60 80
Test potential (mV)

Figure 12. Effect of test pulse duration on the voltage-dependent inhibition of I tail currents by
30 UM MTO. Guinea-pig ventricular myocytes were clamped every 10 s from a holding potential
of -40 mV to test potentials up to +70 mV in 10 mV increments. Test pulses of 1-s and 250-ms
were applied to every cells. Percent inhibition of the I tail current was calculated by dividing the
mean current densities of the cells pretreated with 30 uM MTO for 1 h (n=15) by that of control

cells (n=31) at the respective test potential and test pulse duration.
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Figure 13. Lack of voltage dependence of the action of MTO on the lx component covering the
lower voltage range. Guinea-pig ventricular myocytes were clamped every 10 s from a holding
potential of —40 mV to test potentials ranging from -30 mV to 10 mV in 10 mV increments for 250
ms. The measured peak I tail currents in the absence (Control) and in the presence of 30 uM

MTO were normalized to that elicited after depolarizing step to 10 mV.
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In Figure 13, tail currents obtained with 250 ms pulses were normalized relative to the
respective tail current amplitude elicited at +10 mV. It can be seen that both curves are
superimposable, which excludes a voltage dependence of the action of MTO on the Ik
component covering the lower voltage range. These results suggested that MTO preferentially
inhibited the rapid activating component of Ik (Ik;). When Ik, was measured directly in cells
bathed in nominally Ca®*-free solution, both the steady-state current evoked by a 500-ms
depolarizing step to -10 mV and the tail current elicited upon depolarization to a holding
potential of -40 mV were significantly inhibited by 64% after 1 h treatment with 30 uM MTO
(Figure 14).
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Figure 14. Inhibition of Iy, by 30 uM MTO. Guinea-pig ventricular myocytes were superfused
with nominally Ca®*-free bath solution. lx, steady-state current was evoked by a 500-ms
depolarizing pulse to -10 mV at 0.5 Hz, and Iy, tail current was elicited upon repolarization to a
holding potential of -40 mV. The effect of MTO was measured after cells had been treated with
the drug for 1 h. A, original current traces recorded from a control cell as well as a MTO-treated
cell. Voltage protocol is shown in the top panel. B, the mean current densities of the Iy, steady-
state current as well as the tail current are compared between control cells and MTO-treated cells.
** p<0.01.
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Figure 15. Failure of 30 mM MTO to
influence Iy, of rat ventricular myocytes. Iy,
was elicited by depolarization to various test
potentials for 500 ms after a 100 ms prepulse
to -60 mV from a holding potential of -80
mV every 10 s. A, superimposed original
recordings showing representative I, of a
control cell (C,= 135 pF) and of a MTO-
treated cell (C,= 129 pF). Top panel depicts
voltage protocol used for the experiments. B,
comparison of current-voltage relation of Iy,
in control cells and in cells pretreated with 30
UM MTO for 1 h.

Figure 16. A, superimposed original traces
showing the time-dependent effect of 30 uM
MTO on the action potential of a rat
ventricular myocyte. The cell was current-
clamped at 0.5 Hz. B, inhibition of Iy, by 30
UM MTO in rat ventricular myocytes. The
currents were elicited by 1-s hyperpolarizing
or depolarizing pulses in 10 mV steps from a
holding potential of —40 mV every 10 s. The
mean current densities are plotted against the

respective test potentials. Data from two

k1 (PA/PF)

different cell groups are compared.
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In some tissues such as rat and human heart, the transient outward K" current, ly, also plays
an important role in determining APD. Because Iy is functionally absent in guinea-pig
ventricular myocytes (Josephson et al., 1984), experiments were also carried out on isolated
rat cardiomyocytes. Cells were depolarized from a holding potential of -80 mV by a prepulse
to -60 mV and than clamped to test potentials ranging from -30 to +60 mV for 500 ms. As
shown by the original recordings in Figure 15A, and verified in additional 19 control cells and
10 cells pretreated with 30 uM MTO for 1 hour (Figure 15B), no significant effect on I, at
any of the test potentials could be detected by the drug. The lack of MTO to affect Iy, is also
demonstrated by continuous AP measurements in current-clamped rat ventricular myocytes as
shown in Figure 16A. In the voltage range where Iy, is dominant, no influence on AP
repolarization can be detected. However, when Ix; becomes activated at around -30 mV,
MTO produced a time-dependent slowing of repolarization which eventually led to early
afterdepolarizations. As shown before in guinea-pig cells, MTO also inhibited Ix; of rat
cardiomyocytes (Figure 16B) and this effect can explain the pronounced prolongation of the
late phase of the AP in the rat.

A 300 ms
10 mV

"“ﬂH
-80 mV

Figure 17. No effect of MTO on gy, in

guinea-pig ventricular myocytes. The lc,)

o Control (n=29) ]
e MTO (n=16)

15-

-40 mvV
- 80 mV—I_

Control was elicited by applying test pulses of 300-

*V r ms duration every 5s after a 40-ms prepulse

< to —40 mV from a holding potential of —80

- __J MTO mV. A, original recordings showing I, of a

control cell (C,=102 pF) and of a cell treated

H with MTO for 1 h (C,=99 pF). Voltage

protocol is depicted in top panel. B,

5 IC_a(L) (PA/pF) comparison of current-voltage relation of

. . . . . mv Icaqy in control cells and in cells treated with
.40 80

MTO for 1 h. Voltage protocols are shown in

inset.



37

4.4 L-type Ca* current

When the L-type Ca®* current, lca), Was measured at various potentials in guinea-pig
ventricular myocytes either in the absence or in the presence of 30 UM MTO, no significant
difference in the peak amplitude or the inactivation kinetics of the current was observed
(Figure 17). In the experiment shown in Figures 18A and B, Icaq) was enhanced from 0.7 to
2.0 nA by superfusing the myocyte with 50 nM isoproterenol. The isoproterenol-stimulated
Ica) Was then inhibited by 1 pM carbamylcholine (CCh) to 1.3 nA. Adding 30 pM MTO to
the isoproterenol- and CCh containing bath solution partially reversed Icay to 1.9 nA. After

A 300 ms
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Figure 18. Reversal by MTO of the inhibitory effect of carbamylcholine on I, activated by
isoproterenol in guinea-pig ventricular myocytes. lc,q) was elicited by depolarizing steps from a
holding potential of -40 mV to 0 mV for 300 ms at a frequency of 0.2 Hz. A, superimposed
original current recordings from a typical cell showing the reversing effect of MTO on peak Iy
inhibited by CCh. The current traces were recorded at the times indicated by the corresponding
letters in panel B. The top panel shows voltage protocol used in the experiment. B, time course of
the change of peak Ic, in the same cell as in A. MTO, 30 UM mitoxantrone; 1SO, 50 nM
isoproterenol; CCh, 1 uM carbamylcholine.
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washing out all three drugs, Ica) returned to the predrug control level. In Figure 18A,
the original current traces of the experiment depicted in Figure 18B are superimposed at times
when the respective effects were maximal. Results similar to those shown in Figures 18A and
B were obtained in eleven other cells (Figure 19A). In order to investigate whether MTO
antagonized the effect of carbamylcholine by blocking muscarinic receptors or by interfering
with mechanisms downstream to receptor activation, experiments with the Aj-adenosine
receptor agonist (-)-N°-phenylisopropyladenosine (R-PIA) were carried out. As shown in
Figure 19B, addition of 1 uM R-PIA to myocytes stimulated by 50 nM isoproterenol induced
a significant decrease of Icyy from 2.2 £ 0.2 (ISO; n =7) to 1.4 £ 0.2 nA (ISO + PIA).
Contrary to CCh, the enhancing effect of additional MTO on lIcaq) was not observed in the
presence of isoproterenol and R-PIA (Figure 19B, ISO + PIA + MTO). These findings

indicate that MTO enhanced Icay) most likely by blocking muscarinic receptors.
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R-PIA R-EIA
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4.5 Muscarinic receptor gated K* current

Cardiac muscarinic receptor gated K* channels (Kach channels) are present in high density in
the atria, SA- and AV node, and are a major target of the vagal autonomic system in the heart.
The effect of MTO on the CCh-induced K™ current, i.e., lx ach, in GTP (100 puM)-loaded
guinea-pig atrial cells was therefore investigated. When 1 uM CCh was added to the
superfusion medium, an outward K* current was rapidly activated at a holding potential of -50
mV (Figure 20A). After activation, the current slowly declined, possibly due to
desensitization (Kurachi et al., 1987). Addition of 30 uM MTO after 1 min of CCh
superfusion induced within a few seconds a marked depression of I acn (Figure 20A). In
eight cells, 1 uM CCh evoked an Ik ach Which amounted after 1 min to 188.3 + 35.0 pA and
was markedly depressed to 13.3 £ 3.5 pA, i.e. by 93%, when 30 uM MTO was added (Figure
20B).

A CCh 1 pM Figure 20. Inhibiton of I ach by MTO

MTO 30 pM in guinea-pig atrial myocytes. The

membrane potential of the cells were
continuously clamped at -50 mV, and
lkach Was induced by 1 pM
carbamylcholine (CCh). A, a typical
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original current recording showing the
30s inhibitory effect of 30 uM MTO on

lkacn- B, summary of the inhibitory

B T effect of 30 uM MTO on Iy ach. Data
200 - n=8 from the same cell group are
< 150 compared.
A=
§ 100 A
_¥
50 A
0 i
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Muscarinic receptors couple with Kach channels through a pertussis toxin-sensitive class of
GTP-binding proteins in atrial cells (Pfaffinger et al., 1985). When a nonhydrolysable GTP
analogue such as guanosine-5’-O-(3-thiotriphosphate), GTPYS, is applied intracellularly,
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activation of GTP-binding proteins occurs and induces a persistent activation of Kach
channels which is resistant to inhibition by muscarinic receptor antagonists (Breitwieser and
Szabo, 1985). With 100 uM GTPYS in the recording pipette, there was a continuous rise of a
K" outward current in guinea-pig atrial cells clamped at -50 mV (Figure 21A). This current
reached its maximum in 10 min and remained stable thereafter. Contrary to CCh, MTO
induced only a very weak (9%) but reversible inhibition of the current evoked by GTPYS. In
five cells loaded with GTPYS, the K* current increased to 361.4 + 29.3 pA and MTO reversed
this current to 314.4 £ 47.5 pA, i.e. by 12.6% (Figure 21B). Although the experiment clearly
shows that the predominant action of MTO on Ik ach IS via muscarinic receptors, a small

direct inhibitory effect on Kacn channels seems to contribute.
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Figure 21. Effect of MTO on Ik ach elicited by GTPYS in guinea-pig atrial myocytes. GTPYS was
loaded into the cells through a patch pipette for 10 min. A, original recording showing slight
inhibition of I ach by 30 UM MTO in a typical cell dialyzed with 100 pM GTPyS. B, summary of
the effect of 30 pM MTO on Ik acn induce by 100 pM GTPYS. *, p<0.05 versus GTPYS alone.
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4.6 [*H]-QNB binding study

Binding of [°H]-QNB to a preparation of human atrial membranes is shown in Figure 22A.
The binding was saturable between 500 and 1000 pM. Scatchard analysis (Figure 22B)
indicated a homogenous population of binding sites, a Bnax 0f 434 fmol/mg protein and a Kp
of 234 pM. In the presence of 30 pM MTO, binding of [*H]-QNB was almost completely
abolished (Figure 23A). MTO concentration-dependently displaced [°H]-QNB from its
binding sites with calculated equilibrium dissociation constants (K;) of 1.29, 1.10 and 1.02
UM at 0.70, 1.48 and 2.91 nM [H]-QNB, respectively (Figure 23B).
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4.7 Force of contraction in guinea-pig papillary muscles

In isometrically contracting guinea-pig papillary muscles mitoxantrone (MTO) produced a
concentration- and time-dependent positive inotropic effect (Figure 24). The positive
inotropic effect developed slowly over several hours (Figure 24A). With 30 uM MTO, the
increase in force of contraction became visible after a latency of 30 min and was significant
compared with the pre-drug control value after 1 h (p< 0.05). After 4 h, force had increased
about 3-fold from 1.4 £ 0.2 (control) to 4.1 £ 0.5 mN (n = 8; Figure 24B). When 10 uM MTO
was applied to the bath solution, the positive inotropic effect became significant only after 3
h, and after 4 h force of contraction had increased by 58% from 1.2 + 0.1 (control) to 1.9 + 0.3
mN (n = 5; Figure 24B). Similar positive inotropic effects of MTO were observed when the
muscles had been pretreated for 30 min with 10 uM TTX (not shown). 30 UM MTO increased
the force of contraction by 1.6-fold within 4 h (from 0.9 £ 0.1 to 2.4 £ 0.3 mN, n=3, p<0.05).
Experiments carried out in the absence of MTO showed a continuous decline in the force of
contraction over time. After 4 h, force had decreased to 81.2 = 5.5 % of the control level (n =
6).

The MTO-induced increase in force of contraction was accompanied by a marked

prolongation of contraction duration. As shown in Figure 24A and 24C, this effect was due to
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a prolongation of time to peak force and of relaxation time. Both time parameters were
significantly prolonged after 1 h of incubation with 30 uM MTO (p<0.05). In eight papillary
muscles, time to peak force and relaxation time increased within 4 h from 136 £ 5and 119 £ 6
ms (control values) to 178 + 5 (by 31%) and 175 + 9 ms (by 47%), respectively. When
papillary muscles were exposed to 30 uM MTO for more than 4 h, some preparations
developed slowly rising contractures which usually terminated the positive inotropic effect.
The contracture developed much faster when higher concentrations of MTO (>30 uM) were
used. In Figure 25, the effect of 60 uM MTO on resting tension of the papillary muscles was
demonstrated. Figure 25A shows superimposed original contraction recordings from a
representative muscle. The resting tension of this muscle increased after 3 h of incubation in
60 uM MTO from a control value of 4.0 mN to 5.0 mN. After 4 h, resting tension further
increased to 6.1 mN, whereas peak force of contraction declined. In Figure 25B, the time-
dependent changes in force of contraction and resting tension induced by 60 uM MTO in
seven muscles are summarized. During the first 2.5 h of incubation, MTO caused a time-
dependent positive inotropic effect without significantly changing the resting tension. The
force of contraction increased to 189.7 + 12.9% of the control within 2.5 h. Then, the resting
tension started to increase which gradually diminished the positive inotropic effect. After 5 h
of incubation, the resting tension amounted to 142.1 + 8.2% of the control value. At the same

time, the force of contraction was only 109.7 £ 9.6% that of the control level.
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4.8 Cell shortening and action potential duration

When the effects of MTO on cell shortening was investigated in isolated ventricular
myocytes that had been current-clamped at 0.5 Hz, similar results as those obtained in
papillary muscles were observed. Figure 26A shows superimposed original recordings from a
typical experiment, superfusion of a cell with 30 uM MTO produced a time-dependent
prolongation of APD accompanied by an enhancement and prolongation of cell shortening.
APDy, increased from 221 ms (control) to 260 and to 391 ms, whereas cell shortening rose
from 9.2 um (control) to 15.8 and 20.5 um after 30 and 50 min, respectively. Simultaneously,
time to peak shortening and relaxation time were prolonged from 128 and 124 ms (control) to
135 and 151 ms at 30 min and to 140 and 170 ms after 50 min. In nine cells, in which the
shortening could be followed continuously over 30 min, MTO induced a 77% increase of cell
shortening from 6.0 + 0.6 (control) to 10.6 + 1.1 pum (Figure 26B). Shortening duration was
prolonged by 24% from 263 + 25 to 325 + 29 ms (Figure 26C). APDy, of these cells was
prolonged by 19% from 254 + 16 to 301 + 19 ms. Shortening of control cells which were not
exposed to MTO decreased slightly (by 9.5%) but significantly within 30 min from 7.2 + 1.0
to 6.8 + 0.9 um (n=7; Figure 26B), whereas shortening duration was not affected (Figure
26C).
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In order to investigate the influence of APD on cell shortening, myocytes were AP-clamped
at various APDs. Figure 27A (upper traces) shows two superimposed action potentials which
were obtained from a cell before (a) and 1 h after superfusion with 30 uM MTO (b). Recorded
action potentials served then as voltage-commands to clamp another cell in order to elicit
corresponding contractions (lower traces in Figure 27A). It can be seen that a prolongation of
APDy, from 258 (a) to 433 ms (b) was accompanied by an enhancement of cell shorting from
3.9 (a) to 6.1 um (b). Shortening of the first contraction after APD prolongation was not
changed but increased during the following contractions. Time to peak shortening was
slightly decreased from 164 to 159 ms by APD prolongation while relaxation followed a more
complex time course. Relaxation developed an inflection, so that a rapid relaxation phase
which dominated about 75% of total cell shortening was followed by a tail which was
markedly slowed by the prolonged APD. Figure 27B shows the relation between the percent
increase of APDgy, and the respective change of cell shortening obtained from eight cells.
Prolonging APDg, by 24, 48 and 68 % from a control value of 258 ms resulted in an increase
of cell shortening by 12.8 + 2.1, 27.6 + 4.0 and 35.0 £ 6.6 %, respectively. In these cells, the
time to peak shortening was significantly decreased from a control value of 138 + 8 to 135+ 8
(by 2.2%, p<0.05), 130 + 8 (by 5.8%, p<0.001) and 128 = 8 ms (by 7.2%, p<0.001) when
APDgwas prolonged by 24, 48 and 68%, respectively.
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To investigate whether MTO enhanced cell shortening independent of APD prolongation,
ventricular myocytes were AP-clamped with an action potential of constant duration. In the
experiment shown in Figure 28A, a cell was AP-clamped at 0.5 Hz with an APDgy, of 258 ms.
Application of 30 uM MTO to the superfusing solution resulted in an increase in cell
shortening from 6.4 (control) to 7.8 and 9.6 um after 20 and 30 min, respectively. This
increase was accompanied by a prolongation of time to peak shortening and of relaxation time
from 158 and 108 ms (control) to 162 and 132 ms after 20 min and to 184 and 156 ms after 30
min, respectively. A summary of the results is shown in Figure 28B and 28C. 30 uM MTO
enhanced the shortening of six cells by 59% from 7.1 + 1.2 to 11.3 £ 1.2 um and prolonged
shortening duration by 22% from 252 + 6 to 307 + 12 ms after 30 min. In five control cells
which were not exposed to MTO, cell shortening decreased significantly within 30 min by
10% from 7.2 £ 0.5 t0 6.5 + 0.3 um (Figure 28B), whereas shortening duration did not change
(Figure 28C).
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4.9 Action potential duration and Ca’* transients

In order to determine the influence of APD and of MTO on intracellular Ca** transients,
myocytes were AP-clamped with action potentials of various duration. The original
recordings of Figure 29A show action potentials (upper traces) which had been recorded
before at different times from a myocyte exposed to 30 uM MTO. The recorded action
potentials served then as voltage-commands for another cell to elicit the Ca** transients (lower
traces). It can be seen that the stepwise prolongation of APD is accompanied by an increase of

the peak of the respective Ca”* transient. Asin the contraction experiments, 3 to 4 action
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Figure 29. Increase of intracellular Ca®* transients induced by prolongation of APD in guinea-pig
ventricular myocytes clamped with action potentials of various duration. The action potentials had
been recorded before from a myocyte at different times during its exposure to 30 UM MTO. These
action potentials were then used as voltage-commands for other cells to elicit Ca** transients at 0.5
Hz. The Ca** transients were measured by loading the cells with 30 pM fura-2 pentasodium salt
through the patch pipette. A, original traces showing the commanding action potentials (upper
panel) and the corresponding Ca?* transients (lower panel). The values of APDq, are indicated in
ms. B, relation between percent increase of APDg, and the respective change of the peak Ca*"
transients. The control values for APDy, and peak amplitude of Ca®* transients were 258 ms and

607 + 52 nM, respectively.
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Figure 30. Effects of MTO on intracellular Ca®* transients in guinea-pig ventricular myocytes
under current clamp or AP clamp. The Ca?* transients were measured by loading the cells with 30
UM fura-2 pentasodium salt through the patch pipette. A, superimposed original recordings
showing simultaneous increase of APD (upper traces) and Ca®* transients (lower traces) 30 min
after superfusing a current-clamped myocyte with 30 uM MTO. The stimulation frequency was
0.5 Hz. B, original recordings showing the effect of 30 pM MTO (30 min) on Ca*" transients
(lower traces) in a cell clamped with a constant APD (upper trace) at 0.5 Hz. The commanding
action potential (APDgy = 258 ms) had been recorded before from a different myocyte. C,
summary of the effects of 30 uM MTO (30 min) on peak Ca?* transients under either current

clamp (n=6) or constant AP-clamp (n=5). ** p<0.01 versus the respective control.

potentials were necessary to obtain a steady-state increase in the amplitude of the Ca*
transient. Figure 29B summarizes the results obtained in six cells, prolongation of APDg, by
24, 48 and 68% increased the peak of the Ca®" transient by 11.3 + 1.6, 21.3 + 2.0 and 26.0 *
2.6%, respectively. When a myocyte was current-clamped at 0.5 Hz and superfused with
30uM MTO for 30 min, APDgy, increased by 26% from 274 to 345 ms and the simultaneously
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evoked Ca’* transient rose by 13% from 656 to 741 nM (Figure 30A). The summary of the
results from six cells demonstrates a significant increase in peak [Ca*]; by 10% from 746 +
97 to 822 + 104 nM (Figure 30C, left panel). In contrast, when a myocyte was AP-clamped
with constant APD (APDgy = 258 ms), 30 uM MTO produced within 30 min a small decline
of peak [Ca*']; from 788 to 734 nM (Figure 30B). The combined data obtained from five
cells showed a significant decrease in Ca?* transients by 7.2% from 713 + 52 to 662 + 58 nM
(Figure 30C, right panel). In control cells which were not treated with MTO, peak Ca*
transients decreased slightly within 30 min from 701 + 67 to 657 + 69 nM (by 6.3%, n=5,
p<0.05) under current clamp condition and from 669 + 93 to 631 + 89 nM (by 5.7%, n=4,
p<0.05) under AP clamp condition.
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5. Discussion

The present study describes the acute effects of the anticancer drug mitoxantrone (MTO) on
the contractility, membrane electrical properties and the muscarinic receptor of isolated
cardiac preparations. The most prominent effects of MTO include: (1) time-dependent
prolongation of action potential duration (APD); (2) blockade of muscarinic receptors; (3) a
time- and concentration-dependent positive inotropic effect with attenuation of muscle

relaxation.

5.1 Mechanisms of prolongation of action potential duration by mitoxantrone

In principle, both an increase in depolarizing inward currents during the plateau phase of
action potential and a decrease in hyperpolarizing outward currents can cause prolongation of
APD. In guinea-pig ventricular myocytes, the main inward currents which determine APD are
the L-type Ca®* current (Ica@y) and the non-inactivating Na* window current. The major
outward currents involved in the regulation of APD include the delayed rectifier K* current
(1) and the inward rectifier K* current (lx1). In other species, such as human or rat ventricles,

the transient outward current (l;,) also plays an important role in the repolarization process.

5.1.1 Role of Na*" and Ca*" inward currents

In order to find out whether a window current flowing through Na* channels was influenced
by MTO, tetrodotoxin (TTX) was used in the present experiments. TTX is a highly selective
Na* channel blocker (Narahashi 1974). At a concentration of 10 uM, TTX has been shown to
effectively antagonize the APD-prolonging effect of several Na* channel activators in guinea-
pig ventricular muscle (Honerjager 1982). If APD prolongation induced by MTO would have
been due to an activation of Na" channels, this effect would have been inhibited in the
presence of 10 uM TTX. The finding that the APD-prolonging effect of MTO still persisted
in cells pre-treated with TTX argue against an involvement of the Na* window current in the
MTO-induced APD prolongation.

The possibility that the MTO-induced APD prolongation might have arisen from an
enhancement of Ica) was tested by direct measurement of this type of current with the whole-
cell voltage-clamp technique. The results showed that neither the peak amplitude nor the
inactivation Kinetics of lc,q) were affected by MTO. Thus, Icaw) does not seem to play any
significant role in the APD-prolonging effect of MTO.
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5.1.2 Role of delayed rectifier K* current

Delayed rectifier K™ channels play a key role in regulating cardiac APD. In guinea-pig
ventricular myocytes, Ik is composed of two components, a rapidly activating, inward
rectifying component, lx, and a slowly activating component, lIxs (Sanguinetti and
Jurkiewicz, 1990a). At normal heart rates, both components of Ix seem to contribute to
repolarization of the cardiac action potential (Sanguinetti and Jurkiewicz, 1990a; Heath and
Terrar, 1996). Ixs has been shown to be more dominant than Ik, during the plateau phase of
action potential, whereas Ik, is more important than ks during phase 3 of the action potential
(Sanguinetti and Jurkiewicz, 1990a; Zeng et al., 1995). Although Ik, is the target of most
clinically used class Il antiarrhythmic drugs (Sanguinetti and Jurkiewicz, 1990a; Katritsis
and Camm, 1993), selective blockers of the lIxs channel complex have been developed
recently and their APD prolonging effect has been clearly demonstrated (Busch et al., 1996;
Salata et al., 1996, Schreieck et al., 1997).

Although the two components of Ix were not separately measured in most of our
experiments, some of the findings are compatible with the view that MTO preferentially
blocked Ik, Because Ik, by fast inactivation of channels from open state (Shibasaki, 1987,
Spector et al, 1996; Yang et al., 1997), exhibits inward rectification at positive potentials (0
to +40 mV), a specific Ik, blocker should have no effect on time-dependent outward currents
elicited at voltages above + 40 mV when Ik, is almost completely inactivated (Sanguinetti and
Jurkiewicz, 1990a). This is exactly what was found with MTO, the time-dependent outward
current measured at the end of 1s pulses was only suppressed at voltages during which Ik, was
measurably activated (see Figure 10).

Analysis of activation of Ix is difficult because of additional currents which may be
simultaneously activated by depolarizing pulses. Upon repolarization from activating voltage
steps, an outward tail current is observed which is thought to represent the slow deactivation
of Ik and serves as a more reliable index of the I current (Heath and Terrar, 1996). With
repolarizing steps, inactivated channels conducting Ik, rapidly enter the open state, from
which channels close slowly, thereby also contributing to the peak and the decay of Ik tail
currents elicited upon repolarization from very positive potentials (Shibasaki, 1987). Because
Iks slowly activates with depolarization over a time course of many seconds, its contribution
to Ik tail current increases over time and should therefore render peak Ik tail current more
resistant to blockers of Ik, at longer pulse durations. MTO suppressed Ik tail currents at all

voltages (-30 to +70 mV) and, consistent with Ik, block, suppression decreased at voltages
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above +20 mV and this decrease was more pronounced with long (1s) as compared with short
pulses (250 ms).

Although the above results strongly suggested that MTO preferentially inhibited I, , direct
proof for this inhibition came from experiments carried out in nominally Ca**-free bath
solution. It has been demonstrated that under this condition, I, could be separated from Ixs
because the activating potentials of both currents were shifted in opposite direction
(Sanguinetti and Jurkiewicz, 1990b; Jurkiewicz and Sanguinetti, 1993). When Ik, was elicited
by a 500-ms depolarizing pulse to -10 mV from a holding potential of -40 mV, MTO
significantly inhibited both the steady-state- and the tail current.

Specific blockers of Ik, such as d-sotalol or dofetilide have been reported to display reverse
rate-dependent effects, i.e., they prolong APD more at long than at short cycle lengths (Tande
et al., 1990; Gwilt et al., 1991; Jurkiewicz and Sanguinetti, 1993; Gjini et al., 1996). In the
present study we found that MTO also displayed reverse rate-dependence, its APD prolonging
action in guinea-pig papillary muscle was almost completely abolished by increasing the
stimulation frequency to 4 Hz. In this context, it is interesting to note that specific inhibitors
of Iks such as chromanol 298B and blockers of both Ik, and Ixs such as ambasilide or
amiodarone produced frequency-independent effects on APD (Bosch et al., 1997; Salata et
al., 1996; Schreieck et al., 1997), indicating that reverse rate-dependence of APD
prolongation is a characteristic feature of pure Ik, blocking drugs. There are several
explanations for reverse rate-dependence such as accumulation of ks at high frequencies
when cycle length becomes shorter than Ixs deactivation time (Sanguinetti and Jurkiewicz,
1990a; Jurkiewicz and Sanguinetti, 1993 ), [Ca®']i-dependent increase in Ixs at high
stimulation rates (Hiraoka et al., 1995) and a decreased sensitivity of Ik, at high [K*],, due to
accumulation of K* close to the outer cell membrane during rapid stimulation (Attwell et al.,
1981; Yang and Roden, 1996). It should be noted, however, that none of these mechanisms
has been firmly established as the cause of reverse rate-dependence of APD by Ik, blockers.

A striking property of Ik, is its unusual sensitivity to changes in [K'], (Yang and Roden,
1996; Yang et al., 1997). Thus Ik, plays a major role causing shortening of APD when [K'],
is elevated or, conversely, prolongation of APD when [K*], is reduced. Accumulation of
[K™]o in extracellular clefts of contracting guinea-pig papillary muscles may therefore be
responsible for the smaller effect of MTO on APD in multicellular preparations as compared
with single cells (see Figures 5 and 7). APD prolongation by block of Ik, is an important
factor in arrhythmogenesis (for review, see Sanguinetti and Salata, 1996). Although early

afterdepolarizations by MTO were only observed in single cardiomyocytes, Ik, block may
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also cause undesirable proarrhythmic effects in multicellular heart preparations, especially

when [K'], is low.

5.1.3 Role of inward rectifier K* current

The observation that MTO did not alter resting membrane potential does not by itself
exclude an inhibitory effect on Ix; because only a fraction of the normal Ik, is required to
maintain the membrane potential near Ex during diastole. Indeed, current-voltage relations
disclosed a significant reduction by MTO of the outward current hump observed at potentials
between -70 and -30 mV. This effect was probably due to inhibition of lx; because this
current is primarily activated over this voltage range in guinea-pig ventricular myocytes
(Backx and Marban, 1993), and MTO had no influence on the residual background currents
when Ix; was blocked by 1 mM BaCl,. During the plateau of the cardiac action potential,
channels conducting Ik, allow either no or very little current to pass. However, when the cell
repolarizes and especially during the final repolarization, lx; becomes important and is
responsible for the regenerative increase in repolarization rate (Shimoni et al., 1992; Zeng et
al., 1995). Whether blockade of Ix; induces action potential prolongation is an unsettled issue,
because "pure" lx; blockers such as the benzopyran compounds RP 58866 and its active
enantiomer terikalant, turned out to be also potent blockers of I, (Jurkiewicz et al., 1996).

Interestingly, in the rat cardiomyocyte where rapid repolarization of action potential is due to
activation of the transient outward current, I, (Josephson et al., 1984; Dukes and Morad,
1991) MTO had no influence on APD as long as this outward current was dominant. During
late repolarization, however, when I, becomes activated, MTO markedly delayed final
repolarization which eventually resulted in early afterdepolarizations. To what extent
inhibition of Ix; by MTO contributes to APD prolongation in guinea-pig myocytes is
presently not known.

5.2 Antimuscarinic effects of mitoxantrone

Normally the heart is under the steady control of the sympathetic and parasympathetic
autonomic nervous system. The parasympathetic transmitter acetylcholine antagonizes the
effects of catecholamines on force of contraction, heart rate and AV-conduction. One
important mechanism by which catecholamines and acetylcholine exert their antagonistic
effects is by modulating lcaq). Although MTO had no direct effect on lcaq), it influenced the
current indirectly by reversing the inhibitory action of carbamylcholine on isoproterenol-
stimulated Ica). This effect could have been due to inhibition of muscarinic receptors or to a
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mechanism downstream to receptor activation. The A;-adenosine receptor agonist R-PIA
utilizes the same pertussis toxin-sensitive intracellular signal transduction pathway as
carbamylcholine to inhibit the catecholamine-enhanced lcaq) (for review see Belardinelli et
al., 1989). Since MTO did not affect lcaq) in the presence of R-PIA plus isoproterenol,
inhibition of muscarinic receptors was very likely the mechanism of MTO’s indirect effect on
lcaq)-

In atrial cells as well as in sinoatrial- and atrioventricular node, activation of Kacn channels
by an increased vagal tone plays an important role in slowing sinus rate, prolonging A-V
conduction and shortening atrial refractoriness. Kacn channels are linked to muscarinic or
adenosine receptors through pertussis-toxin sensitive GTP-binding proteins (Pfaffinger et al.,
1985) and it has been shown that GTPYS, a nonhydrolysable GTP analogue, can activate
GTP-binding proteins irreversibly, resulting in persistent activation of Kacn channels (Kurachi
et al., 1986). MTO (30 uM) decreased the carbamylcholine-activated I ach in control cells by
more than 90% but reversed the Ik acn activated by GTPYS by only 12%. This finding
suggests that MTO may act primarily through its blocking action on muscarinic receptors and
only to a small extent by blocking the Kacn channel itself and/or by interfering with the
regulatory functions of GTP-binding proteins coupled to the channel.

The blocking effect of MTO on cardiac muscarinic receptors was further confirmed by
radioligand binding experiments which showed that MTO displaced [*H]-QNB binding
concentration-dependently (1 to 1000 pM). The slightly different K; values obtained at
various [°H]-QNB concentrations indicate that this antagonistic effect was not strictly
competitive.

The heart rate is predominantly under the parasympathetic control. Thus administration of
MTO which blocks the muscarinic receptors of the parasympathetic transmitter acetylcholine,
can be expected to raise the heart rate in vivo. On the one hand, this effect should alleviate
APD prolongation of ventricular myocytes due to reverse rate-dependence. On the other hand,
inhibition of the muscarinic receptors by MTO may facilitate afterdepolarizations due to the

dominance of sympathetic activity.

5.3 Mechanisms of the positive inotropic effect of mitoxantrone
5.3.1 Role of action potential duration

The positive inotropic effect of MTO was accompanied by a progressive prolongation of
APD implying that both effects could be related to each other. It should be noted that blockers

of Ik, such as sotalol, dofetilide and E-4031 have also been shown to produce positive
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inotropic effects presumably as a result of the prolonged action potential (Tande et al., 1990;
Wettwer et al., 1991).

It is well known that an increase in APD particularly at the plateau level is associated with
an increase in contraction force (Morad and Trautwein, 1968; Terrar and White, 1989). The
increased inotropic response to action potential prolongation may be the result of a reduction
in the driving force for Ca®" extrusion via the Na'-Ca®* exchange and/or due to a prolonged
Ca®* influx via noninactivated Ca** channels. Because both these mechanisms are voltage-
dependent, prolongation of APD will increase the Ca** content of the SR and thus the size of
the contraction.

When action potentials recorded in the presence of MTO served as voltage-commands for
MTO-naive cells, prolonged APDs resulted in an increase in cell shortening and in a small
decrease of the time to peak shortening. Both effects developed over several beats, indicating
that with each depolarization more Ca?* is available for uptake into the SR and for subsequent
release. Initiation of relaxation was barely affected by APD, relaxation proceeded with high
speed to about 25% of the peak amplitude but became then progressively slower until final
repolarization of the action potential terminated the residual shortening. A similar biphasic
decrease of cell contraction and of intracellular Ca?* transients during long lasting
depolarizing steps has been described in cardiac myocytes of several species (Bridge et al.,
1988; Bers and Bridge, 1989; Bers et al., 1990). It was proposed that the voltage-independent
relaxation is probably due to rapid Ca?* sequestration by the SR which increases with the
cytosolic Ca®*concentration, whereas the voltage-dependent relaxation reflects the ceasing of

the Ca®* influx and the enhancement of Ca* extrusion via Na*-Ca®* exchange.

5.3.2 Role of other intracellular Ca®* regulating systems

In comparison with control cells which were clamped with action potentials of various
duration (Figure 27), myocytes exposed to MTO responded with a stronger shortening at a
comparable APD, accompanied by a prolongation of time to peak shortening and of relaxation
time (Figure 28). Evidence that MTO produced a positive inotropic effect which was in part
independent of APD prolongation evolved from the finding that MTO enhanced the
shortening of myocytes which were AP-clamped with a constant APD. In these cells a
significant prolongation of contraction duration was also observed.

Mechanisms by which MTO could have increased force of contraction beyond the level of
APD prolongation are an enhancement of the transmembrane Ca®* current via voltage-gated
L-type Ca®* channels either by cyclic AMP accumulation or by direct modulation of channel
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gating and elevation of intracellular Na* activity either by inhibiting Na'-K* pump or by
increasing transmembrane Na® influx (Varro and Papp, 1995). Drugs which increase
intracellular cyclic AMP levels, such as [-adrenoceptor agonists or inhibitors of
phosphodiesterase, enhance Ca®* influx via L-type Ca®* channels and stimulate the activity of
the SR Ca?* pump which becomes functionally effective as a shortening of relaxation time
(Raffaeli et al., 1989; Brixius et al., 1997). The finding that MTO prolonged relaxation time
and had no influence on L-type Ca*" current excludes cyclic AMP-dependent pathways and a
direct channel modulation. In addition, the positive inotropic effect of cardioactive steroids
which is due to inhibition of Na™-K* pump is not accompanied by a prolongation of
contraction (Reiter, 1972). Prolongation of relaxation time accompanies the positive inotropic
effect of many drugs and toxins which increase transmembrane Na* influx (Honerjager, 1982;
Buggisch et al., 1985). In contrast to the Na* channel modulators, inotropic effects as well as
APD prolongation of MTO were not influenced by the Na* channel blocker TTX.

Recently, the anthracycline derivative doxorubicin, another highly effective antineoplastic
agent, was demonstrated to produce a slowly developing positive inotropic effect in guinea-
pig papillary muscles (Wang and Korth, 1995). MTO and doxorubicin are both
anthraquinone-based compounds and there are similarities between both compounds such as
positive inotropic effect and APD prolongation but also striking differences in their cardiac
actions. Despite its strong positive inotropic effect, doxorubicin markedly reduced contraction
velocity and prolonged the time to peak force. This effect resembles the action of ryanodine in
cardiac cells (Lewartowski et al., 1990) and is due to an increase of the open probability of
Ca®* release channels in the SR (Nagasaki and Fleischer, 1989; Holmberg and Williams,
1990; Wang and Korth, 1995). Reports on the action of MTO on SR Ca*" channels are
conflicting (Abramson et al., 1988; Holmberg and Williams, 1990; Kim et al., 1994), but the
present experiments do not support a doxorubicin or ryanodine-like action of MTO on SR
function. The possibility, however, that the moderate prolongation of time to peak shortening
is the manifestation of a weak effect of MTO on SR Ca?" release channels cannot be
completely ruled out. In any case, a ryanodine-like mechanism should rather impair SR Ca?*

load and hence contraction.

5.3.3 Role of contractile myofilaments
During the last decade, drugs have been discovered which increase force of contraction by
an increase in the Ca®" sensitivity of the myofibrillar proteins rather than by elevation of
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intracellular Ca**concentration. Many of these Ca”* sensitizing drugs are characterized by a
positive inotropic effect associated with an increase in time course of contraction and a
reduction in the amplitude of the Ca?* transient (Blinks and Endoh, 1986; Lee and Allen,
1991; White et al., 1993). In a recent study utilizing rat skinned cardiac fibers, doxorubicin
and other anthracyclines were shown to increase tension by direct interaction with the force
generating filaments (Bottone et al., 1997). In contrast, no direct effect of doxorubicin on the
Ca®* sensitivity of the myofilaments could be demonstrated in membrane-permeabilized
cardiac fibers of rabbit (Boucek et al., 1997).

When MTO was applied to fura-2 loaded and current-clamped myocytes, a small but
significant rise (10%) of the peak Ca®" transient was observed after 30 min. This rise in
intracellular Ca**concentration must have been due to APD prolongation, because MTO-naive
myocytes, when AP-clamped with the same prolonged APD that was recorded before in a
current-clamped cell, showed a similar extent of increase of peak Ca®" transients. However,
when MTO was applied to cells that were AP-clamped with a constant APD, a decrease
instead of an increase of the peak Ca®" transient was observed. Since Ca** transients in control
cells which were not treated with MTO showed a similar decrease within 30 min, MTO has
probably no effect on Ca** transients under this condition. Although promotion of contraction
with no increase in the Ca®* transient is compatible with a direct action of MTO on the
myofibrillar proteins, a decrease of the transient is expected to result from an increase of the
Ca*" affinity of the troponin C (Blinks and Endoh 1986; Lee and Allen, 1991). Whatever the
exact mechanisms of MTQO's action on the contractile system, it should be noted that some
Ca®* sensitizers have also been shown to increase force of contraction without a significant
change of the peak Ca?* transient (Ventura et al., 1992; Solaro et al., 1993; Wolska et al.,
1996). Finally, long incubations of papillary muscles (> 4 h) with MTO resulted in an
increase in resting force, an effect that typically occurs at high concentrations of drugs that
increase the myofilament responsiveness to Ca** (Ferroni et al., 1991; Lee and Allen, 1991;
Ventura et al., 1992; Solaro et al., 1993).

Taken together, the results indicate that MTO increases force of contraction in
cardiomyocytes via prolongation of APD and by a direct interaction with the contractile

system.

5. 4 Clinical relevance
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Although the cardiac effects of MTO observed in animal experiments can not be simply
extrapolated to the MTO-associated cardiotoxicity demonstrated clinically, some of the
findings in this study may have potential clinical relevance.

Cardiac tachyarrhythmias have been observed in patients during MTO therapy (Gams and
Wesler, 1984; Posner et al., 1985). Until now, no explanation for these electrocardiographic
changes has been presented. The APD-prolonging effect of MTO demonstrated in the present
study could be one of the mechanisms underlying MTO-induced arrhythmias. It is well
known that prolongation of APD induced by Ik, blockers can be both antiarrhythmic and
proarrhythmic, depending on the clinical situation (Sanguinetti and Salata, 1996). APD
prolongation is an effective mechanism against reentry-based arrhythmia. On the other hand,
excessive lengthening of APD can result in the triggering of early afterdepolarization, one
probable mechanism of torsades de points arrhythmias. Therefore, it is not unreasonable to
speculate that the MTO-induced early afterdepolarization observed in guinea-pig ventricular
myocytes may also occur in patients receiving MTO treatment, especially under the
conditions which facilitate the APD-prolonging action of MTO, such as sinus bradycardia,
hypokalemia and hypomagnesemia.

Reduced ventricular contractile function is a well-documented cardiotoxic effect during
chronic MTO therapy (Shenkenberg and von Hoff, 1986; Henderson et al., 1989; Wiseman
and Spencer, 1997). In contrast, an increase in contraction of guinea-pig ventricular
myocardium in the presence of MTO was observed in this study. Although this acute positive
inotropic effect seems to be irrelevant to the myocardial dysfunction induced by MTO, it
should be noted that unnecessary enhancement of the contraction force is a waste of energy
for the normal heart. In the case of myocardial ischemia, excessive stimulation of the heart
could even be harmful. Since cardiac infarction has been reported in patients during MTO
therapy (Clark et al., 1984; Gams and Wesler, 1984), special care should be taken when MTO
is used for patients with the preexisting cardiac ischemia. Moreover, the pronounced
lengthening of relaxation time and increase in resting tension could be detrimental to the heart
by impairing ventricular filling. On the other hand, the observation that MTO did not show
doxorubicin-like effects on SR function may explain in part its less severe cardiotoxicity
compared with that of doxorubicin.
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Summary

Mitoxantrone (MTO) is a synthetic anticancer drug derived from anthracendion. The clinical
use of MTO is limited by its cardiotoxic effects. Until now, the exact mechanisms of the
cardiotoxicity of MTO is still unclear. In an attempt to understand the cellular processes
associated with MTO cardiotoxicity, the effects of MTO on the electrical and contractile
properties, membrane muscarinic receptors and intracellular calcium concentration in isolated
cardiac preparations were investigated in the present study.

In both the isolated guinea-pig papillary muscles and ventricular myocytes, 30 pM MTO
induced a time-dependent prolongation of action potential duration (APD) which was
occasionally accompanied by early afterdepolarizations. The APD prolonging effect of MTO
displayed reverse rate-dependence and was preserved in the presence of 10 uM tetrodotoxin, a
specific Na" channel blocker.

Under the whole-cell voltage clamp, both the inward rectifier K* current (Ix:) and the
delayed rectifier K™ current (Ix) of guinea-pig ventricular myocytes were significantly
depressed by 30 uM MTO. The rapidly activating component of Ix (lx;) seemed to be
preferentially blocked by MTO. The transient outward current (l,) in rat ventricular
myocytes was not affected by MTO.

30 pM MTO had no direct effect on the L-type Ca®* current (Ica)), but reversed the
inhibitory effect of 1 uM carbamylcholine but not of the A;-adenosine receptor agonist (-)-
N®-phenylisopropyladenosine (1 uM) on Icay enhanced by 50 nM isoproterenol in guinea-
pig ventricular myocytes. In guinea-pig atrial myocytes, 30 UM MTO inhibited by 93% the
muscarinic receptor gated K* current (lx acn) evoked by 1 uM carbamylcholine, whereas
Ik ach elicited by 100 uM GTPyS, a nonhydrolyzable GTP analogue, was only decreased by
12%. The specific binding of [*H]JQNB, a muscarinic receptor ligand, to human atrial
membranes was concentration-dependently displaced by MTO (1-1000 pM).

In right ventricular papillary muscles, 30 UM MTO increased isometric force of contraction
in a time-dependent manner. The force of contraction was increased about 3-fold within 4 h.
This positive inotropic effect was accompanied by a prolongation of the time to peak force
and relaxation time. An elevation of resting tension could be observed when the muscles were
treated with MTO for over 4 h.

In isolated ventricular myocytes, 30 UM MTO caused an increase of cell shortening by 77%

and a simultaneous prolongation of APD by 19% within 30 min. Peak amplitude of the
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intracellular Ca®* transients as measured by a fluorescent Ca®* indicator fura-2 was also
increased by 10%. The contribution of APD prolongation to the enhancement of cell
shortening induced by MTO was assessed by clamping control myocytes with action
potentials of various duration. Prolongation of APDgy by 24% led to an increase of cell
shortening by 13%. When the cells were clamped by an action potential with constant APD,
MTO still caused an increase of cell shortening by 59% within 30 min. No increase of the

peak intracellular Ca** transients, however, were observed under this condition.

It is concluded that MTO (1) directly blocks cardiac muscarinic receptors; (2) prolongs APD
by inhibition of Ix; and Ik, ; (3) produces a positive inotropic effect by prolonging APD and
by increasing the sensitivity of the contractile proteins to calcium; (4) causes an attenuation of
cardiac muscle relaxation. The antimuscarinic effect of MTO might induce tachycardia due to
the enhancement of sympathetic activity. The pronounced prolongation of APD with the
occasionally occurring early afterdepolarizations may underline the clinically observed
dysrhythmias in patients during MTO therapy. Although the positive inotropic effect seems to
be irrelevant to the cardiotoxicity of MTO, the pronounced lengthening of relaxation time
and increase in resting tension could be detrimental to the heart by impairing ventricular
filling.
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Zusammenfassung

Mitoxantron (MTO) ist ein synthetisches Anthrachinon-Derivat mit ausgepragter
zytostatischer Wirksamkeit. Der therapeutische Einsatz von MTO wird allerdings durch seine
kardiotoxischen Wirkungen eingeschrankt, die sich akut in Form von Rhythmusstérungen und
in einer spater auftretenden Herzinsuffizienz aulRern. Bislang sind die Wirkungsmechanismen
der Kardiotoxizitdt von MTO auf zellulrer Ebene noch nicht untersucht worden. In der
vorliegenden Arbeit wurden deshalb die akuten Effekte von MTO auf die elektromechanische
Kopplung isolierter Herzmuskelzellen mit Hilfe der patch-clamp Technik, des
fluoreszierenden Kalzium-Indikators Fura-2 und der Kontraktilititsmessung untersucht.
Aulerdem wurde die Wechselwirkung zwischen MTO und kardialen m-Cholinozeptoren
durch Radioliganden-Bindungsstudien analysiert. Die Untersuchungen sollen dazu beitragen,
die zellularen Mechanismen der kardiotoxischen Wirkungen von MTO besser zu verstehen.
Die Versuche wurden hauptsachlich an ventrikuldren Kardiomyozyten des Meerschweinchens
durchgefuhrt.

An isolierten Papillarmuskeln und ventrikuldren Kardiomyozyten induzierte MTO (30 uM)
eine zeitabhéngige Verlangerung der Dauer des Aktionspotentials (APD). Nach einer 3-
stiindigen Einwirkzeit betrug die Verldngerung der APD an Papillarmuskeln im Mittel 32%.
Die APD-Verlangerung unter MTO zeigte eine umgekehrte Frequenz-Abhangigkeit, d.h., der
Ausmall der APD-Verldangerung nahm mit Erhéhung der Reizfrequenz ab. An
Kardiomyozyten fiihrte MTO innerhalb von 60 min zu einer Verlangerung der APD um 60%.
Frihe Nachdepolarisationen konnten an einigen Zellen beobachtet werden. Vorbehandlung
der Kardiomyozyten mit 10 uM Tetrodotoxin, einem spezifischen Na'-Kanal-Blocker, hatte
keinen EinfluR auf die APD-verlangernde Wirkung von MTO. Die Experimente mit
Tetrodotoxin zeigen, daR ein residueller Na'-Einwartstrom fir die APD-Verlidngerung nicht
verantwortlich war.

Um die APD-verlangernde Wirkung von MTO aufzuklaren, wurde der Einflu? von MTO auf
Kaliumauswartsstréme untersucht. An ventrikuldren Kardiomyozyten wurde sowohl der
einwarts gleichrichtende K*-Strom (lk,) als auch der verzogert gleichrichtende K*-Strom (l)
durch 30 uM MTO innerhalb von 60 min um ca. 50% gehemmt. Experimente, in denen die
schnell aktivierende Komponente von Ik (k) direkt gemessen wurde, zeigten, dal der Effekt
von MTO Ig~-spezifisch war. Der transiente K'-Auswartstrom (ly,) ventrikularer

Kardiomyozyten der Ratte wurde durch MTO nicht beeinfluBt. Diese Experimente wurde an
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der Ratte durchgefiihrt, da an dieser Spezies wie auch am Mensch diese K*-Stromkomponente
nachweisbar ist. Meerschweinchen zeigt kein l,. MTO hatte auch keine direkte Wirkung auf
den spannungsabhangigen Kalziumeinwértsstrom (Icy).

Sowohl funktionelle Experimente an Acetylcholin-induziertem K*-Strom (lxach) an
Vorhofzellen als auch Radioliganden-Bindungsstudien mit [*H]-QNB an menschlichen
Vorhofmembranen zeigten, da MTO ein Antagonist an kardialen m-Cholinozeptoren ist, d.h.
atropinartige Wirkung besitzt.

An isometrisch sich kontrahierenden Papillarmuskeln konnte fur MTO uberraschenderweise
eine konzentrationsabhdngige positiv inotrope Wirkung nachgewiesen werden, die sich
langsam ber mehreren Stunden entwickelte. Die Kontraktionskraft wurde durch 30 uM MTO
innerhalb von 4 Stunden um das fast 3-fache verstarkt. Parallel zur inotropen Wirkung kam es
zu einer signifikanten Verlangerung der Gesamtkontraktionsdauer, ein Effekt, der sowohl auf
eine Verlangerung der Anstiegszeit (um 31%) als auch der Erschlaffungszeit (um 47%)
zurlckzufihren war. Wurden die Muskeln langer als 4 Stunden mit 30 uM MTO behandelt,
entwickelte sich hdufig im Anschluf an die positiv inotrope Wirkung eine Kontraktur
(Erhéhung  der muskuldren  Ruhespannung), die von einer Abnahme des
Kontraktionsmaximums begleitet war.

An isotonisch sich verkiirzenden ventrikularen Myozyten fiihrte 30 uM MTO innerhalb von
30 min zu einer Verstarkung der Zellverkiirzung um 77%. Gleichzeitig wurde die APD um
19% verlangert, und die Amplitude des intrazelluldren Ca®*-Transienten um 10% erhéht. Um
herauszufinden, in welchem Ausmal} die Verldngerung des Aktionspotentials zur positiv
inotropen Wirkung von MTO beitragt, wurden die Myozyten durch Aktionspotentiale
unterschiedlicher Dauer stimuliert, und die dadurch induzierte Zellverkiirzung gemessen. Es
zeigte sich, dalR eine Verlangerung der APD um 24% nur zu einer Verstarkung der
Zellverkiirzung um 13% fuhrte. Wurden die Myozyten durch ein Aktionspotential konstanter
Dauer stimuliert, zeigte MTO immer noch einen positiv inotropen Effekt, die Zellverkiirzung
nahm innerhalb von 30 min um 59% zu, wahrend der intrazelluldre Ca®*-Transienten
unbeeinflulit blieb. Diese Befunde zeigen, dall die Verstarkung der Kontraktion in
Anwesenheit von MTO nur teilweise auf einer Verldangerung der APD beruht. Ein
wesentlicher Teil der positiv inotropen Wirkung ist demnach auf eine direkte
Wechselwirkung zwischen MTO und den kontraktilen Proteinen der Herzmuskelzelle
zurickzufihren.

Zusammenfassend 14t sich sagen, daB MTO folgende Wirkungen auf Herzmuskelzellen

besitzt: (1) Blockade von m-Cholinozeptoren; (2) Verlangerung des Aktionspotentials als
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Folge einer Hemmung von Ix; und lk.; (3) Verstarkung der Muskelkontraktion als Resultat
der Verlangerung der APD und einer erhdhten Kalziumempfindlichkeit der kontraktilen
Proteine; (4) Verzogerung der Muskelrelaxation. Einige der Effekte konnten fir die in der
Klinik beobachtete kardiotoxische Wirkungen verantwortlich sein. Die atropinartige Wirkung
von MTO koénnte zu tachykarden Episoden fuhren. Frilhe Nachdepolarisationen als Folge der
APD-Verlangerung sind moglicherweise Ursprung flr die unter MTO-Behandlung immer
wieder beobachteten Arrhythmien. Ferner wiirde eine Verlangerung der Kontraktionsdauer
und die Manifestation einer Kontraktur zu einer deutlichen Beeintrachtigung der

Ventrikelfunktion fihren.
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AMP
AP-clamp
APD
APDyg
ATP
Bmax
Cm
CCh
DMSO
EDTA
EGTA
GTP
GTP-yS
HEPES
lca)

Ik

Ik1

Ik ach
Ikr

Iks

o

ISO
MOPS
MTO
NADH
ONB
R-PIA
SR
TEA
TTX
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Abbreviations

adenosine monophosphate

action potential clamp

action potential duration

action potential duration measured at 90% of repolarization
adenosine triphosphate

maximum binding capacity

membrane capacitance

carbamylcholine

dimethy sulfoxide

ethylendiaminetetracetic acid

ethylene glycol-bis(R-aminoethylether)-N,N,N’,N’-tetraacetic acid
guanosine triphosphate
guanosine-5’-O-(3-thiotriphosphate)
N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid)
L-type Ca®* current

delayed rectifier K current

inward rectifier K* current

muscarinic receptor gated K* current

rapidly activating delayed rectifier K™ current

slowly activating delayed rectifier K* current

transient outward current

(x)-isoproterenol

3-(N-morpholino)butanesulfonic acid

mitoxantrone

reduced nicotinamide adenine dinucleotide

quinuclidinyl benzylate

(-)-NC-phenylisopropyladenosine

sarcoplasmic reticulum

tetraethylammonium

tetrodotoxin
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Risk and safety codes of the hazardous chemicals used in this study

Amphotericin B (R: 20/21-36/37/38-40; S: 45-36/37/39)
Atropine (R: 26/27/28-43; S: 45-36/37/39-22)
Carbamylcholine (R: 26/27/28-36/37/38; S: 45-36/37/39-22)
Dimethy sulfoxide (R: 20/21/22-36/37/38-42/43; S: 26-36-23)
Guanosine-5’-0-(3-thiotriphosphate) (R: 36/37/38; S: 26-36)
[*H]-Quinuclidinyl benzylate (R: 23/24/25; S: 22-45-36/37/39)
(x)-1soproterenol (R: 20/21/22-36/37/38; S: 26-36)
Mitoxantrone (R: 46-61; S: 45-36/37/39)

D-Sotalol (R: 36/37/38; S: 26-36)

Tetrodotoxin (R: 26/27/28; S: 45-36/37/39-22)
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