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1 Concentration-dependent e�ects of bimoclomol, the novel heat shock protein coinducer, on
intracellular calcium transients and contractility were studied in Langendor�-perfused guinea-pig
hearts loaded with the ¯uorescent calcium indicator dye Fura-2. Bimoclomol had a biphasic e�ect
on contractility: both peak left ventricular pressure and the rate of force development signi®cantly
increased at a concentration of 10 nM or higher. The maximal e�ect was observed between 0.1 and
1 mM, and the positive inotropic action disappeared by further increasing the concentration of
bimoclomol. The drug increased systolic calcium concentration with a similar concentration-
dependence. In contrast, diastolic calcium concentration increased monotonically in the presence of
bimoclomol. Thus low concentrations of the drug (10 ± 100 nM) increased, whereas high
concentrations (10 mM) decreased the amplitude of intracellular calcium transients.

2 E�ects of bimoclomol on action potential con®guration was studied in isolated canine ventricular
myocytes. Action potential duration was increased at low (10 nM), una�ected at intermediate (0.1 ±
1 mM) and decreased at high (10 ± 100 mM) concentrations of the drug.

3 In single canine sarcoplasmic calcium release channels (ryanodine receptor), incorporated into
arti®cial lipid bilayer, bimoclomol signi®cantly increased the open probability of the channel in the
concentration range of 1 ± 10 mM. The increased open probability was associated with increased
mean open time. The e�ect of bimoclomol was again biphasic: the open probability decreased below
the control level in the presence of 1 mM bimoclomol.

4 Bimoclomol (10 mM±1 mM) had no signi®cant e�ect on the rate of calcium uptake into
sarcoplasmic reticulum vesicles of the dog, indicating that in vivo calcium reuptake might not
substantially be a�ected by the drug.

5 In conclusion, the positive inotropic action of bimoclomol is likely due to the activation of the
sarcoplasmic reticulum calcium release channel in mammalian ventricular myocardium.
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Introduction

Bimoclomol, the recently developed cytoprotective hydro-
xylamine derivative (N-2-hydroxy-3-(1-piperidinyl) propoxy]-
3-pyridine-carboximidoyl chloride maleate, BRLP-42; see in
Figure 1), was shown to have a wide variety of e�ects in

healthy and diseased animals. Chronic treatment with the
compound was e�ective against several types of diabetic
dysfunction, including neuropathy (BõÂ roÂ et al., 1994),

retinopathy (HegeduÈ s et al., 1994) and abnormal vascular
reactivity (JednaÂ kovits et al., 1994). Bimoclomol exerted
bene®cial e�ects in rat and canine hearts exposed to coronary

artery occlusion and vasospasm (Jaszlits et al., 1993), e�ects
associated probably with enhanced expression of the heat
shock protein HSP70 (VõÂ gh et al., 1997). In addition, the drug
showed strong dose-dependent acute antiarrhythmic action in

isolated rat heart and also in anaesthetized animals. Recent
electrophysiological studies indicate that bimoclomol may
activate calcium-dependent outward currents in mammalian

ventricular cardiomyocytes (Magyar et al., 1999). Currently,
the compound is in human phase 2 clinical trial. The present
study was aimed to characterize the e�ects of the drug on
calcium handling (i.e. on calcium release, calcium uptake and

[Ca2+]i transients) in mammalian ventricular myocardium.

Methods

Recording of contractility and [Ca2+]i transients in
Langendor�-perfused guinea-pig heart

Male guinea-pigs (weighing 300 ± 500 g) were i.v. heparinized
and anaesthetized with pentobarbitone-Na (150 mg kg71).

After opening the chest the heart was rapidly removed and
®xed to the cannula of a Langendor�-perfusion device. The
heart was perfused with modi®ed Krebs solution containing

(mM): NaCl 118, KCl 4.7, CaCl2 2.5, MgSO4 1.2, NaHCO3 25,
Na2EDTA 0.5, KH2PO4 0.23 and glucose 5.5. The pH of this*Author for correspondence.
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perfusate was set to 7.4 when gassed with a mixture of 5% CO2

and 95% O2 at 378C. The coronary ¯ow rate, controlled by a
peristaltic pump, was adjusted to 10 ml min71 g71. Left
ventricular pressure (LVP) was continuously monitored using

a Braun 2021-02 arterial pressure transducer that was
connected to the left ventricular cavity (Edes & Kranias,
1990). Heart rate was maintained 200 beats min71 by left atrial

pacing. Experiments were performed in a cumulative con-
centration-dependent manner. After taking control records,
bimoclomol was applied at 1 nM, 10 nM, 100 nM, 1 mM, 3 mM
and 10 mM concentration, each for 10 min. This protocol was
performed in six guinea-pig hearts.

To record [Ca2+]i transients, the heart was loaded with the
acetoxymethylester of the ¯uorescent dye, Fura-2 (5 mM),

added to the superfusate together with probenecid (0.6 mM),
Synperonic (1.25 g l71) and albumin (50 g l71). Probenecid
was used to inhibit the unspeci®c anion-exchanger of the cell

membrane in order to avoid the extrusion of Fura-2 from the
cells. Synperonic and albumin enhanced loading with Fura-2-
AM. Under these conditions, stable calcium signals were

obtained for periods as long as 120 min, allowing concentra-
tion-dependent studies (Kristof et al., 1998) to be performed.
Fluorescence was excited at both 340 and 380 nm wavelengths.
The emitted light was collected at 510 nm using a trifurcated

quartz ®bre optic bundle connected to a Deltascan device
(Photon Technology International, New Brunswick, NJ,
U.S.A.). [Ca2+]i was measured as a ¯uorescent ratio (F340/

F380). The analogue signals of ¯uorescence and LVP were
sampled at 1 kHz. In each case ten subsequent beats were
averaged and stored for analysis. The following parameters

were analysed: peak left ventricular pressure, maximum and
minimum values of the ®rst time derivative of pressure, systolic
and diastolic [Ca2+]i (expressed as ¯uorescent ratios), and

amplitude of the [Ca2+]i transient (de®ned as the di�erence
between systolic and diastolic values of [Ca2+]i).

Recording of action potentials in single canine
cardiomyocytes

Single canine ventricular myocytes were obtained from hearts

of adult mongrel dogs using the segment perfusion technique
(Magyar et al., 1999). The animals (10 ± 20 kg) were
anaesthetized with i.v. injection of 10 mg kg71 ketamine

hydrochloride (Calypsolvet) plus 1 mg kg71 xylazine hydro-
chloride (Rometar). After opening the chest the heart was
rapidly removed and the left anterior descending coronary
artery was perfused using a Langendor� apparatus. Ca2+-free

JMM solution (Minimum Essential Medium Eagle, Joklik
modi®cation), supplemented with taurine (2.5 g l71), pyruvic
acid (175 mg l71), ribose (750 mg l71), allopurinol

(13.5 mg l71) and NaH2PO4 (200 mg l71), was used during
the initial 5 min of perfusion to remove Ca2+ and blood from
the tissue. After addition of NaHCO3 (1.3 g l71), the pH of

this perfusate was 7.0 when gassed with 5% CO2 and 95% O2.
Cell dispersion was performed for 30 min in the same solution
containing also collagenase (660 mg l71, Worthington CLS-1),

bovine albumin (2 g l71) and CaCl2 (50 mM). During the

isolation procedure the solutions were gassed with carbogene
and the temperature was maintained at 378C. 40 ± 60% of the
cells were rod shaped and showed clear striation when the

external calcium was restored. Before use, the cells were stored
overnight at 148C in modi®ed JMM solution (pH=7.4).

The viable cells were sedimented in a Plexiglass chamber
allowing continuous superfusion (10 ml min71) with modi®ed

Krebs solution containing (in mM): NaCl 120, KCl 5.4, CaCl2
2.7, MgCl2 1.1, NaH2PO4 1.1, NaHCO3 24 and glucose 6. The
solution was equilibrated with 95% O2 plus 5% CO2 at a

temperature of 378C, and pH was adjusted to 7.4+0.05.
Transmembrane potentials were recorded using glass micro-
electrodes ®lled with 3 M KCl and having tip resistance

between 20 and 40 MO. These electrodes were connected to the
input of an Axoclamp-2B ampli®er (Axon Instruments, Foster
City, CA, U.S.A.). The cells were continuously paced through

the recording electrode at steady cycle length of 1000 ms using
1 ms wide rectangular current pulses with 120% threshold
amplitude. Action potentials were digitized at 100 kHz using
Digidata 1200 A/D card (Axon Instruments, Foster City, CA,

U.S.A.) and stored for later analysis.

Recording of single channel currents of canine ryanodine
receptor (RyR) incorporated into arti®cial lipid bilayer

Heavy sarcoplasmic reticulum (SR) vesicles were isolated from

ventricular free wall of dogs, and the solubilized RyR was
puri®ed using the method described previously (Laver et al.,
1995) with slight modi®cations. Single channel bilayer

measurements were carried out using CHAPS-solubilized RyR
incorporated into planar lipid bilayer formed from phospha-
tidyl-ethanolamine, phosphatidyl-serine and L-phosphatidyl-
choline in a ratio of 5 : 4 : 1, and dissolved in n-decane up to

®nal lipid concentration of 20 g l71 (Herrmann-Frank et al.,
1996; Csernoch et al., 1999). Bilayers were formed across a
150 ± 200 mm aperture of a nolrene cap using a symmetrical

bu�er solution (containing 250 mM KCl, 100 mM EGTA,
150 mM CaCl2 and 20 mM PIPES) at pH 7.2. The chamber into
which the small aliquot of solubilized RyR has been added was

designated as the cis (cytoplasmic) side, while the other
chamber was labelled as trans (luminal) side and was kept on
ground potential. At the end of each experiment 2 mM
ryanodine was added to the cis side in order to test the

orientation of the channel being measured, and in case of
opposite incorporation (5 ± 10% of the cases) data were
discarded. Current signals, obtained under voltage clamp

conditions, were ®ltered at 1 kHz using an 8 pole low pass
Bessel ®lter and digitized at 3 kHz using Axopatch 200
ampli®er and pClamp 6.02 software (Axon Instruments,

Foster City, CA, U.S.A.), which was also used to determine
mean open times and open probabilities from the records.
Total recording time was 5 ± 10 min for each concentration

tested. After changing solution, minimum 5 ± 6 min was
allowed for equilibration, which appeared to be enough to
reach the new equilibrium of the parameters (Szegedi et al.,
1999). Single channel measurements were carried out at

26+18C, Ca2+ concentration was calculated using the
computer program and stability constants published by
Fabiato (1988).

Measurement of uptake and release of calcium

Calcium uptake of heavy SR vesicles of the dog were tested at
378C following the changes in the Ca2+ concentration of the
extravesicular space calculated from antipyrilazo-III absor-
bance as described earlier (SaÂ rkoÈ zi et al., 1996). Measurements

Figure 1 Chemical structure of bimoclomol, applied as maleate salt.
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were performed in 161 cm cuvettes in a SPEX Fluoromax
single photon counting spectrometer (Jobin-Yvon, Spex
Industries, Edison, NJ, U.S.A.) con®gured for absorbance

measurement. Data were collected at a rate of 1 Hz and stored
digitally for later analysis. The rate of calcium uptake and
release from the SR vesicles was determined from the slope of
the Ca2+ transient evoked by the addition of calcium, using a

modi®ed procedure described in the literature (Lam et al.,
1995). At the beginning of the uptake measurement the
medium contained 100 mM KCl, 1 mM MgCl2, 180 mM
antipyrilazo-III, 54 mM CaCl2, 4 mM ATP, while protein
concentration was adjusted to 0.65 g l71. Two calcium
injections were applied. The rising slope after the ®rst Ca2+

transient corresponds to the maximal speed of calcium uptake
(i.e. maximal pumping velocity) at optimal conditions, while
the terminal portion of the curve ± since all the available ATP

were converted to ADP by that time ± re¯ects the release of
calcium through RyR (in the presence of 1 mM Mg2+, 4 mM

ADP, &10 mM Ca2+ at cis and &7 mM Ca2+ at trans side).

Chemicals

Bimoclomol was synthetized by Biorex Research and

Development Co., and was freshly dissolved in distilled water
on the day of the experiment. Lipids were obtained from
Avanti Polar Lipids (Alabaster, AL, U.S.A.), [3H]-ryanodine

was from Dupont (Boston, MA, U.S.A.), Fura-2-AM from
Te¯abs (Austin, TX, U.S.A.), Antipyrilazo-III from ICN
Biomedicals (Aurora, OH, U.S.A.) and JMM from Sigma (St.

Louis, MO, U.S.A.). Protease inhibitors were purchased from
Boehringer (Mannheim, Germany) and Merck (Darmstadt,
Germany), all other chemicals from Sigma (St. Louis, MO,
U.S.A.).

Statistics

All data presented are arithmetic means+s.e.mean. Statistical

signi®cance was determined using Student's t-test for paired or
unpaired data. Di�erences were considered signi®cant when
the P value was less than 0.05.

The entire investigation conformed to the guidelines for the

care and use of laboratory animals published by the U.S.
National Institutes of Health, as well as the principles outlined
in the Declaration of Helsinki.

Results

E�ects of bimoclomol in Langendor�-perfused
guinea-pig hearts

In Langendor�-perfused isolated guinea-pig hearts (n=6)
bimoclomol displayed a biphasic, concentration-dependent
action both on contractile parameters and [Ca2+]i transients

(Figure 3). Analogue records, obtained from a representative
experiment, are presented in Figure 2. Peak left ventricular
pressure (peak LVP) and the maximum rate of pressure

development during systole (+dP/dt) increased signi®cantly
(P50.05) by low concentrations (10 ± 100 nM) of bimoclomol.
This increase began to decline at concentrations higher than

1 mM, and no signi®cant change was observed at 10 mM
bimoclomol. Qualitatively similar results were obtained for
the maximum rate of fall in pressure during diastole (7dP/dt),

these changes, however, failed to reach the level of statistical
signi®cance (Figure 3a ± c).

Bimoclomol had also a biphasic e�ect on the
parameters of [Ca2+]i transients, recorded from the same

Figure 2 Representative analogue records showing the e�ect of 0.1 and 10 mM bimoclomol on left ventricular pressure (LVP), its
®rst time derivative (dP/dt), and the ¯uorescent ratio (F340/F380) in guinea-pig heart. In each trace the horizontal line represents zero
level.

Bimoclomol and calcium handling 1407P.P. NaÂnaÂsi et al

British Journal of Pharmacology, vol 129 (7)



preparations. Systolic [Ca2+]i was increased signi®cantly at

concentrations of 10 nM or higher. The maximal e�ect was
observed at 0.1 mM bimoclomol, above this concentration
the increase in systolic [Ca2+]i was less but still signi®cant.
In contrast to systolic [Ca2+]i, diastolic [Ca2+]i increased

monotonically at concentrations higher than 10 mM. Thus
low concentrations of the drug (10 ± 100 nM) signi®cantly
increased, whereas higher concentrations (10 mM) signi®-

cantly decreased the amplitude of [Ca2+]i transients,
calculated as a di�erence of systolic and diastolic
¯uorescent ratios (Figure 3d ± f).

Time-dependence of the e�ect of bimoclomol was
studied by recording of contractile parameters and [Ca2+]i
transients for 30 min following the application of 0.1 mM
bimoclomol (Figure 4a ± e). All e�ects of bimoclomol

developed fully within 5 min and were constant during
the recording period. In this single experiment the heart
was not driven electrically allowing the spontaneous heart

rate to be monitored (Figure 4f). The stability of the
e�ects of 0.1 mM bimoclomol suggests that the biphasic
concentration-dependent nature of action of bimoclomol

may not be due to time-dependent changes in drug-e�ect,
it may rather re¯ect true concentration dependence.

E�ects of bimoclomol on action potential con®guration
in isolated canine ventricular myocytes

E�ects of bimoclomol on action potential con®guration was

studied in isolated canine ventricular cells, paced with a
constant frequency of 1 Hz. Low concentration of bimoclomol
(10 nM) caused a moderate but statistically signi®cant

lengthening of action potential duration measured both at 50

and 90% of repolarization (APD50 and APD90, respectively).

APD50 increased from 175.8+5 to 182.6+6.6 ms by 10 nM
bimoclomol (P50.05, n=5). Further increases in bimoclomal
concentration to 0.1 and then to 1 mM caused a decline in
APD-lengthening (179.2+5.2 and 173.4+5.7 ms, respec-

tively). Similar changes were observed in APD90, values of
222.6+8.3 ms (in control), and 229.8+8.9, 225.4+7.4 and
222.6+6.8 ms (in the presence of 10 nM, 0.1 mM and 1 mM
bimoclomol, respectively) were obtained. Lengthening of
APD90 was signi®cant statistically (P50.05) only at 10 nM
bimoclomol. No signi®cant e�ects of bimoclomol were

observed on the resting membrane potential, action potential
amplitude or maximum rate of depolarization up to a
concentration of 1 mM. In another set of experiments e�ects
of high bimoclomol concentrations were studied. APD50 was

reduced by 27.9+5.2, 79.2+21.4 and 117.7+17.2 ms in the
presence of 10, 30 and 100 mM bimoclomol, respectively
(P50.05, n=6). Similar changes were observed in APD90

values (reduction by 22.8+4.5, 65.8+17.9 and 81.3+13.3 ms
were obtained). These high concentrations of bimoclomol also
caused a marked and progressive reduction of action potential

amplitude and maximum rate of depolarization. In summary,
bimoclomol displayed a biphasic action on action potential
duration similarly to contractile parameters and [Ca2+]i
transients.

E�ects of bimoclomol in single canine ryanodine
receptors (RyR) incorporated into lipid bilayer

Channels were incorporated in 50 mM Ca2+ at both cis and
trans sides in order to obtain open probabilities high enough

(Po=0.78+0.08) and to show several full openings (Figure 5,

Figure 3 Cumulative concentration-dependent e�ects of bimoclomol on the contractile parameters and [Ca2+]i in Langendor�-
perfused guinea-pig hearts. (a) Peak left ventricular pressure (peak LVP). (b) Maximum rate of pressure development during systole
(+dP/dt). (c) Maximum rate of fall in pressure during diastole (7dP/dt). (d) Peak value of [Ca2+]i during systole (Rpeak). (e)
Baseline value of [Ca2+]i during diastole (Rbase). (f) Amplitude of the [Ca2+]i transient. [Ca

2+]i was expressed as a ¯uorescent ratio
(F340/F380). Each concentration of bimoclomol was applied for 10 min. Symbols and bars represent mean data+s.e.mean obtained
in six preparations. Asterisks denote signi®cant (P50.05) di�erences compared to pre-drug control (C) determined using Student's
t-test for paired data.
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trace a). Channels having conductance higher than 475 pS (in
the presence of 250 mM K+ used as current carrier) were

identi®ed as RyR current. The channels revealed ohmic
characteristics with an average conductance of 502+13 pS
(n=15). Using constant 50 mM Ca2+ trans the channel

parameters were determined at 0.9 mM cis Ca2+

(Po=0.11+0.043) in order to give enough room to see the
activation or inactivation of the channel. (Figure 5, trace b).

Thus the e�ect of bimoclomol on RyR channel activity was
studied in the presence of 0.9 mM cis and 50 mM trans Ca2+.
Bimoclomol was applied at the cis side of the bilayer. Open

probability was calculated from single channel records at
di�erent bimoclomol concentrations after reaching equilibrium
and normalized to the Po value measured on the same channel
in the absence of the drug. These relative P/Po values are

presented in Figure 5h. The solubilized and incorporated RyR
was activated by micromolar concentrations of bimoclomol,
the highest open probability was observed at 10 mM. Above

this concentration the channel became less active (the open
probability continuously decreased), however, the relative
open probability of the channel was still elevated at 100 mM
bimoclomol. Finally, the open probability fell below its control
value in the presence of 1mM bimoclomol (Figure 5, traces c ±
e). Based on this biphasic curve, half-activation and half-

blocking concentrations of bimoclomol (K0.5a and K0.5i) were
estimated to be 630 nM and 185 mM, respectively. Fitting the
open probabilities using the Hill-equation, Hill-constants of
close to unity were obtained for both the ascending and

descending limbs indicating the presence of one activatory and
one inhibitory bimoclomol binding site.

The bimoclomol activated RyR channel could be closed by

ryanodine. This is demonstrated in traces f and g of Figure 5,

where the channel, being previously activated by 10 mM
bimoclomol, was locked by 2 mM ryanodine in a characteristic

half-open state, whereas application of 6 mM ryanodine
resulted in a complete closure of the channel. These results
indicate that the ryanodine binding sites of RyR is still

accessible in the presence of bimoclomol.
Mean open time histograms of the current records could be

®tted as a sum of two exponentials, with T1 and T2 being time

constants (Figure 6). Both time constants were signi®cantly
(P50.05) increased by bimoclomol concentrations ranging
from 0.1 ± 10 mM, showing a concentration-dependence similar

to that of the open probability curve (shown in Figure 5h),
suggesting that the bimoclomol-induced increase in Po may
be ± at least partially ± due to the longer mean open time. In
spite of the similarities in concentration-dependence, half-

activation and half-blocking concentrations estimated for T1,
T2 and Po were not identical. In case of T1, K0.5a and K0.5i were
100 nM and 30 mM, respectively, while for T2, values of

48.5 nM and 100 mM were obtained. These di�erences indicate
that the e�ect of bimoclomol on canine RyR is more complex
than a simple allosteric modulation. Further in-depth studies

are required to contemplate for the di�erences in the e�ects of
bimoclomol on Po, T1 and T2.

E�ect of bimoclomol on active calcium uptake of heavy
SR vesicles

E�ect of bimoclomol on the Ca2+ ATPase was tested by
monitoring extravesicular Ca2+ concentration following
stepwise increases of external calcium in the absence or in the

presence of 10, 100 mM or 1 mM bimoclomol. The two calcium

Figure 4 Time-dependence of the e�ect of 0.1 mM bimoclomol in a single guinea-pig heart. Displayed parameters are identical to
those shown in Figure 2, except panel (f), where the heart rate is presented (external pacing was not applied in this experiment so
that the heart was beating in sinus rhythm).
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injections, indicated by arrows in Figure 7, resulted in sudden
increases in Ca2+ concentration of the medium, which

activated the Ca2+ ATPase. This enhanced calcium in¯ux
decreased the extravesicular Ca2+ concentration thereby
causing the slow ascending phase of the curve (increase in

absorbance) following the calcium injection. The rate of
calcium in¯ux (activity of pumping) is proportional to the
slope of the ascending phase following the ®rst calcium
injection. Results indicate that the maximum velocity of

calcium uptake, expressed as mmol Ca2+ (mg protein * min)71,
was not in¯uenced by bimoclomol: values of 0.263+0.074,
0.237+0.014, 0.231+0.062 and 0.243+0.055 were obtained in

control, in the presence of 10, 100 mM and 1 mM bimoclomol,
respectively (not signi®cant, n=5±8 for each point). The
decline of the terminal portion of the curve observed in the

presence of 1 mM bimoclomol indicates that this concentration
of bimoclomol can further activate RyR under peculiar
experimental conditions (in the presence of 1 mM Mg2+,
&10 mM Ca2+ cis, &7 mM Ca2+ trans and 4 mM ADP. This is

an opposite e�ect compared to the one measured at the same
bimoclomol but at drastically di�erent calcium, magnesium
and nucleotide concentrations (see Figure 5), and are likely

attributable to the complex regulatory mechanism of RyR.

Discussion

In this study we have shown that the heat shock protein
coinducer bimoclomol exerts biphasic actions on action
potential duration, contractility, intracellular [Ca2+]i transients

and ryanodine receptor function in mammalian myocardiac
preparations. Low concentrations (10 ± 100 nM) of the drug
increased peak left ventricular pressure and the amplitude of
[Ca2+]i transients in working guinea-pig heart, lengthened

action potential duration in isolated canine ventricular cells,
and increased the open probability of solubilized and lipid
incorporated canine RyR channels. In contrast, higher

concentrations of the drug had opposite e�ects: the positive
inotropic action of submicromolar bimoclomol concentrations
was attenuated, action potential duration was shortened and

the [Ca2+]i transient was suppressed by 10 mM bimoclomol.
Inhibition of the RyR required extremely high (1 mM)
concentration. Analysis of the concentration dependence of
bimoclomol action on open probabilities and mean open time

histograms of the RyR yielded K0.5a and K0.5i values for each
parameter di�ering from one another by 2.5 ± 3 orders of
magnitude. In addition, the Hill coe�cient, obtained for the

open probability function, was close to unity for both

Figure 5 Current traces and open probabilities obtained from single canine RyR channels incorporated into lipid bilayer. Current
was measured at 780 mV holding potential in 20 mM HEPES-bu�ered symmetrical 250 mM KCl solution (pH=7.2). The open and
closed state of the channel is indicated at the left side by markers, openings are downward de¯ections. Current di�erence between
open and closed channel state (amplitude of events) represent 40 pA, duration of each trace is 5 s. (a) Representative current record
obtained at 50 mM cis Ca2+ and 50 mM trans Ca2+ in absence of bimoclomol. (b) Same as trace a, but cis Ca2+ was adjusted to
0.9 mM. Since all further records were taken under these circumstances, this con®guration is considered to control. (c ± e) Records
taken in the presence of 1, 10 mM and 1 mM bimoclomol, respectively, applied at cis side. (f) Bimoclomal concentration is 10 mM,
Ca2+ concentration is 0.9 mM cis/50 mM trans, and at middle of the trace 2 mM ryanodine was applied. (g) Same as trace f, just in the
middle of the record the ryanodine concentration was raised to 6 mM. (h) Concentration-dependent e�ect of bimoclomol (1 nM±
1 mM) on the relative open probability of RyR channel. In each experiment open probability was determined in the presence of
bimoclomol and normalized to the bimoclomal-free control value of the respective channel (relative P/P0). Each point represents the
average of several measurements obtained from di�erent bilayers, symbols and bars represent mean+s.e.m. values, number of
measurements is indicated in parentheses.
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ascending and descending limbs suggesting the presence of two
distinct (one activatory and one inhibitory) bimoclomol

binding sites on RyR.
The concentration-dependent biphasic e�ect of bimoclomol

on the [Ca2+]i transients in guinea-pig can be explained ± at

least in part ±with the existence of an activatory and an
inhibitory binding site on the RyR, however, the monotonic
increase of diastolic [Ca2+]i with increasing bimoclomol

concentration is also likely involved. Elevation of diastolic
[Ca2+]i may not be attributed to the inhibition of calcium
uptake into the SR (since the pumping rate was not a�ected up
to 1 mM bimoclomol), it may rather be a consequence of the

calcium leak through the RyR during diastole. The possibility,
that transsarcolemmal elimination of Ca2+ may be impaired
by higher concentrations of the drug, cannot be ruled out

either. The biphasic e�ect of bimoclomol on action potential
duration (i.e. low concentrations lengthened, whereas high
concentrations shortened canine action potentials) may give

some support for this mechanism. At low concentrations the
increased Na+/Ca2+ exchange current may prolong action
potential duration as a consequence of increased systolic

[Ca2+]i (Egan et al., 1989; Noble et al., 1991). At higher
concentrations ± as the Na+/Ca2+ exchange mechanism may
be more and more suppressed ± the biomoclomol-induced
elevation of [Ca2+]i may activate calcium dependent Cl7 and

K+ currents (Magyar et al., 1999), both of which tend to

shorten action potential duration (Zygmunt & Gibbons, 1992;
Sipido et al., 1993; Krause et al., 1993). In addition, high
[Ca2+]i may also accelerate Ca2+-dependent inactivation of L-

type Ca2+ current (Lee et al., 1985).
In spite of the biphasic nature of bimoclomol action

observed in all experimental arrangements studied, there is a
discrepancy in the relevant concentrations. In canine

ventricular cells as well as in the guinea-pig heart, activation
and inhibition occurred at 10 nM and 10 mM bimoclomol,
respectively. In the solubilized RyR preparations these

concentrations were obtained at 1 ± 2 orders of magnitude
higher. Although the experimental conditions were not
identical in the working heart and RyR studies (see e.g.

di�erences in [Ca2+]i), it is possible that the sensitivity of the
solubilized RyR preparations is di�erent from that of in situ
RyR. The single channel conductance of 500 pS, estimated in

our experiments, is, however, very close to that observed by
others (Brillantes et al., 1994; Copello et al., 1997) in RyR-
containing vesicles incorporated into lipid bilayer. Interspecies
di�erences in bimoclomol-sensitivity between guinea-pig and

canine myocardium cannot be ruled out either.
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Hungarian Research Found, Hungarian Ministry of Health,
Hungarian Ministry of Education and Hungarian Academy of
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Figure 6 Mean open time of the channel as a function of
bimoclomol concentration. Open time histograms (not shown) were
®tted as a sum of two exponentials, and the estimated faster and
slower time constants (T1 and T2, respectively) were plotted against
the concentration of bimoclomol, applied at cis side. Symbols and
bars represent mean+s.e.mean values, numbers in parentheses
indicate the number of experiments.

Figure 7 E�ect of bimoclomol (10, 100 mM and 1 mM) on the
calcium uptake and release of dog heart heavy SR vesicles.
Extravesicular Ca2+ concentration was monitored as described in
Methods. HSR vesicles were actively loaded with calcium in the
presence of 4 mM ATP initial ATP concentration. Absorbance
changes (proportional with the Ca2+ concentration) were monitored
at 710 nm using 790 nm light as internal reference. The two calcium
injections applied resulted in sudden increase in the Ca2+

concentration of the medium, which activated the Ca2+ ATPase,
which in turn, decreased extravesicular Ca2+ concentration (slow
ascending phase following calcium injections). The rate of active
calcium uptake was determined from the slope of the ascending phase
following the ®rst calcium injection.
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