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Abstract

Effects on L-type Ca®* channels of a new positive inotropic compound, the active (+ )-enantiomer of the Ca’* sensitizer
5-methyl-6-phenyl-1,3,5,6,-tetrahydro-3,6,-methano-1,5-benzodiazocine-2,4-dione (CGP 48506), were studied in guinea-pig car-
diomyocytes. Whole-cell currents (physiological solutions, 2 mM Ca?*) were enhanced = 1.8-fold (10~* M, n = 7). Slowing of
(de)activation kinetics became apparent under conditions where K* currents were fully eliminated and Ca®*-dependent
inactivation was minimized (n = 7). Single-channel current (70 mM Ba?*) and mean open time were increased = 2.5-fold (10~
M, n =35), because the drug specifically enhanced sweeps containing long openings (mode 2). Therefore, CGP 48506 stimulates
Ca®* channels in a manner reminiscent of, but not identical to chemically distinct activators like Bay K 8644.
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1. Introduction

Recently, Herold et al. (1995) described a new class
of positive inotropic compounds possessing a 1,5-ben-
zodiazocine structure. They reported that only the
(+)-enantiomer CGP 48506, between 107> M and
10~* M, selectively increased calcium sensitivity of
skinned cardiac fibres. They concluded that the posi-
tive inotropic effects found in the same concentration
range were selectively due to this effect at the myofila-
ments. It is conceptually important to check if this drug
indeed represents the first example of a ‘pure’ calcium
sensitizer, devoid of other mechanisms of positive ino-
tropic action. Since Herold et al. (1995) did not rigor-
ously exclude effects on ion channels, we investigated
whether this drug affects cardiac L-type calcium chan-
nels.

2, Materials and methods
Cell isolations of adult guinea-pig ventricular myo-

cytes for measurements of whole-cell, or single-channel
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L-type calcium channel currents have been described
by Herzig et al. (1995), and Wiechen et al. (1995),
respectively. Two series of whole-cell recordings were
performed in disposable 1 ml perfusion chambers. In
the first series of experiments, bath and pipette solu-
tion had ‘physiological’ composition. Bath solution
(mM): NaCl 135, KCl 4, CaCl, 2, NaH,PO, 0.3, MgCl,
0.5, Hepes 10, dextrose 10 (pH 7.3, 21-23°C); pipette
(1.5-2.5 M) solution (mM): K-aspartate 80, KCl 50,
KH, PO, 10, MgCl, 0.5, MgATP 3, Hepes 5, EGTA 1
(pH 7.4). Voltage pulses (duration 300 ms, frequency
0.1 Hz) were delivered from a holding potential of —40
mV, usually to +10 mV. Calcium currents were meas-
ured as the difference between peak current and the
current at the end of the test pulse. In the second
series, K* was replaced by Cs™, and intracellular Ca2™*
was strongly buffered using BAPTA (1,2-bis(o-
aminophenoxy)ethane-N, N, N, N-tetraacetic acid). In
detail, the bath solution contained (mM): CsCl 140,
CaCl, 2, Hepes 10, dextrose 10, pH 7.3, 22-23°C.
Pipettes contained (mM): Cs-aspartate 80, CsCl 50,
MgATP 4, MgCl, 1, BAPTA 10, Hepes 10, pH 7.4.
Calcium currents were analysed after subtraction of
leak and capacitative currents, using a P/N subpulse
procedure. Currents were sampled at 6.6 kHz and
filtered (— 3 dB) at 2 kHz (Axopatch 1D, Axon Instru-
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ments). Drug-containing solution (10~ M, 1% dimethyl
sulfoxide (DMSO)) was superfused at 60 ml h™'. Sin-
gle-channel recordings were done using disposable Petri
dishes containing (mM): K-glutamate 120, KCI 25,
MgCl, 2, CaATP 1, EGTA 2, Hepes 10 (pH 7.3,
21-23°C). Pipettes (borosilicate, 7-10 M{2) were filled
with (mM): BaCl, 70, sucrose 110, Hepes 10 (pH 7.4
with TEA-OH). Pulses (150 ms, 1.6 Hz) were delivered
from —100 mV to +20 mV (Axopatch 200A, sampled
at 10 kHz, filtered at 2 kHz). Openings were identified
by the half-height criterion. Drug was added as a 30 ul
bolus (10~2 M in DMSO) to the bath, yielding a final
concentration of about 10~* M (final bath volume was
3.0+ 0.15 ml). As examined in previous studies, a
DMSO concentration of < 1% (v/v) does not affect
calcium channel behaviour under these conditions
(Herzig et al., 1993, 1995).

The (+)- and (-)-enantiomers of 5-methyl-6-
phenyl-1,3,5,6,-tetrahydro-3,6,-methano-1,5-benzodia-
zocine-2,4-dione, CGP 48506 (see Fig. 1) and CGP
48508, were obtained from Ciba Geigy (Basle, Switzer-
land). Other chemicals were of the highest available
grade. Data are presented as mean values + standard
errors of n experiments. Significance was checked by
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two-tailed f-tests (*: P < 0.05) using the appropriate
(paired or unpaired) format. Single-channel dwell times
(open time, closed time, first latency) were analysed by
a simple averaging (to yield the indicated mean values).
In addition, open time histograms were fitted by expo-
nential functions (first or second order, compared by F
test) using the maximum likelihood method (pStat ver-
sion 6.0, Axon Instruments).

3. Results

CGP 48506 was tested mainly at 10~* M, which has
been the maximum concentration used in the inotropy
measurements (Herold et al., 1995). This concentration
increased whole-cell L-type calcium current amplitude
rapidly and reversibly (Fig. la). In the n="7 cells
tested, the current at +10 mV was enhanced by +77
+10%". At a lower concentration of 2- 107> M, the
currrent was enhanced by only +25+5%* (n=23).
Compared with 1074 M CGP 48506, its (—)-enanti-
omer, CGP 48508 (10~* M), had a weaker but still
significant stimulatory effect (+25+6%", n=>5). To
investigate the mechanism of channel stimulation, we
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Fig. 1. Structure of CGP 48506 and effects (104 M) on whole-cell calcium currents in guinea-pig cardiomyocytes. (a) Time course of a single
experiment (steps from —40 mV to +10 mV) using “physiological’ solutions. (b) Pooled current-voltage relationships obtained under similar
conditions before (O, n = 7) and during (e, n = 7) superfusion of the drug, and after washout (O, n = 5). (¢) Original traces obtained in a cell
before (left) and after (right) the addition of 10~% M CGP 48506, with Cs*- and BAPTA-containing pipette solution (see Materials and
methods). The pulse protocol (steps from —40 mV to a test pulse between —20 and +50 mV, then back to —20 mV) is illustrated on top. Scale

bars indicate 10 ms and 1 nA.
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examined the effects of 107* M CGP 48506 on the
voltage and time dependence of the calcium current.
The current-voltage relationship (Fig. 1b) was not
shifted along the voltage axis. Likewise, the kinetics of
the current waveform appeared unaltered: the peak
current was recorded 11.0 4+ 0.2 ms after the beginning
of the pulse under control conditions, and after 10.5 +
0.2 ms after drug application (n.s., n = 7). However,
under the recording conditions used, calcium current
kinetics are influenced by Ca?*-dependent inactivation
(Lee et al., 1985), and also contaminated by time-de-
pendent K* currents. To minimize these problems,
intracellular Ca®* was strongly buffered using 10 mM
BAPTA in the pipette solution, and K* was replaced
by Cs* in our recording solution. Using the same pulse
protocol as above, channel stimulation by 10~* M CGP
48506 again could be observed (+70 + 16%, n = 7).
The current-voltage (IV) relationship was investigated
using short test pulses delivered from —40 mV to
between —20 mV and +50 mV (Fig. 1c), followed by
partial repolarization to —20 mV. Again, the peak of
the IV curve was not significantly affected (control:
1.4 +19 mV, drug: 57+ 5.3 mV, ns., n=7). How-
ever, as seen in the original traces (Fig. 1c), a dramatic
change in the time course of the current trace became
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obvious, especially in the tail currents: the rate of
deactivation was markedly slowed (r obtained with
monoexponential fits was increased from 3.8 + 0.3 ms
to 10.7+ 0.9 ms*, n=7). Furthermore, the rate of
activation appeared to be retarded. For instance, at a
test potential of +20 mV, the time from the onset of
the test pulse to half-maximum current was signifi-
cantly delayed (from 3.9+ 0.1 ms to 4.7+ 0.2 ms”,
n =35 cells). These results indicate that the drug influ-
ences the gating behaviour of L-type calcium channels.
To examine this effect in more detail, single-channel
experiments were done.

Unitary barium currents through L-type channels
were recorded in 5 cell-attached (4 single-channel, one
double-channel) patches. Peak current amplitude was
enhanced by CGP 48506 from 14.2 + 4.6 to 36.3 + 11.5
fA", as exemplified in Fig. 2a. The mechanism of
channel stimulation is obvious from the original traces,
and from the mean open time diary (Fig. 2b): open
times were markedly enhanced, due to the increased
abundance of sweeps containing very long openings
(‘mode 2’ sweeps, see Hess et al., 1984; Yue et al.,
1990). On average (n =5), mean open time was en-
hanced by CGP 48506 from 0.44 + 0.06 ms to 1.11 +
0.15 ms*. We performed histogram analysis (Fig. 2c,d)
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Fig. 2. Effects of CGP 48506 (10 ~* M) on single-channel behaviour in cell-attached patches. (a) Original traces together with the pulse protocol
(top, —100 mV to +20 mV) and the pooled averages of this experiment (bottom). Scale bars indicate 20 ms and 25 fA (pooled), or 2 PA
(unitary), respectively. (b) Diary of the mean open time per sweep over the entire time course of the same experiment. Boxes indicate positions of
the original traces in (a). (c,d) Pooled (n =5 patches) open time histograms before (c) and after drug (d), with second-order exponential fits

(solid) and their individual components (dotted).
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of all resolved openings pooled from our experiments
(7770 events in 2040 control sweeps, and 5023 events in
1910 sweeps after drug). Both data sets required a
second-order exponential fit (control: P < 0.05, drug:
P < 0.01), indicating the presence of a short-lived and a
long-lived open state. Clearly, the drug caused a redis-
tribution phenomenon: 97.5% of the control openings
were short-lived (7, =0.28 ms), leaving a tiny 2.5%
component of long openings (v, = 1.99 ms). After CGP
48506, this component was amplified to 19.3%, while
the time constants remained similar (r, = 0.27 ms, 7, =
3.31 ms).

The increased rate of inactivation seen after CGP
48506 (Fig. 2a) is due to shortening of the period of
channel activity (mean burst duration: 69.5 + 10.0 ms
— 425+ 74 ms*). Other aspects of single-channel
gating were not significantly altered by CGP 48506
(mean first latency: 29.0+2.0 ms > 27.0+ 3.7 ms,
mean closed time: 4.7+ 1.0 ms — 2.7 + 0.4 ms, open
probability 5.2 + 2.0% — 7.7 + 1.6%). Notably, the
channel availability remained unaffected (fraction of
sweeps containing channel openings: 24.8 + 6.5% —
27.0 + 3.7%). In summary, stimulation of single cal-
cium channels by CGP 48506 is due exclusively to a
change in open times, brought about by the amplifica-
tion of long-lived openings contained in mode 2 sweeps.

4. Discussion

The inotropic drug CGP 48506 is not a specific
calcium sensitizer. In addition to its action on the
myofilaments (Herold et al., 1995), it represents a
novel type of calcium channel stimulating agent. The
mechanism of single-channel action — enhancement of
mode 2 gating — resembles that of calcium channel
agonists, i.e. dihydropyridines like Bay K 8644 (Hess et
al.,, 1984; ILacerda and Brown, 1989), or FPL 64176
(Kunze and Rampe, 1992). The effects on whole-cell
current (de)activation kinetics — although less pro-
nounced — are reminiscent of data obtained with Bay
K 8644 (Bechem and Hoffmann, 1993). However, CGP
48506 is structurally unrelated to these compounds.
Furthermore, voltage dependence of whole-cell cur-
rents is not shifted to the left, in contrast to Bay K
8644 (Sanguinetti et al., 1986; Markwardt and Nilius,
1988), or FPL 64176 (Rampe and Lacerda, 1991). Fi-
nally, mode 2 behaviour found with CGP 48506 (Fig. 2)
— with open times only moderately-enhanced — resem-
bles more closely physiological mode 2 gating induced
by phosphorylation (Yue et al., 1990; Zhang et al,,
1995) or phosphatase inhibition (Wiechen et al., 1995).
In contrast to agents favouring channel phosphoryla-
tion (Herzig et al., 1993; Hirano et al., 1994), however,
CGP 48506 leaves channel availability unaltered. Fur-
thermore, cCAMP content and protein phosphorylation

remain unchanged (N. Zimmermann, unpublished). To
prove a direct interaction with calcium channels, it is
desirable to measure in detail effects of CGP 48506 on
binding of all known classes of calcium channel ligands.
In addition, direct comparison with Bay K 8644 and
FPL 64176, and a detailed study of the voltage and
concentration dependence of CGP 48506 action seem
worthwhile, given the quantitative differences between
single-channel and whole-cell experiments. Further-
more, this compound could help to further understand
the functional importance of mode 2. In conclusion,
the action of CGP 48506 offers important possibilities
to study calcium channel pharmacology and physiology.

Acknowledgements

The author wishes to thank Mrs. Elke Schroder for
expert technical assistance, and Professor Dr. J.W.
Herzig (Basle) for the generous gift of the CGP enan-
tiomers.

References

Bechem, M. and H. Hoffmann, 1993, The molecular mode of action
of the Ca agonist (—) Bay K 8644 on the cardiac Ca channel,
Pfliig. Arch. 424, 343,

Herold, P., J.W. Herzig, P. Wenk, T. Leutert, P. Zbinden, W.
Fuhrer, S. Stutz, K. Schenker, M. Meier and G. Rihs, 1995,
5-Methyl-6-phenyl-1,3,5,6,-tetrahydro-3,6,-methano-1,5-benzodi-
azocine-2,4-dione (BA #1899); representative of a novel class of
purely calcium sensitizing agents, J. Med. Chem. 38, 2946.

Herzig, S., P. Patil, J. Neumann, C.-M. Staschen and D.T. Yue DT,
1993, Mechanisms of B-adrenergic stimulation of cardiac Ca
channels revealed by discrete-time Markov analysis of slow gat-
ing, Biophys. J. 65, 1599.

Herzig, S., A. Meier, M. Pfeiffer and J. Neumann, 1995, Stimulation
of protein phosphatases as a mechanism of the muscarinic-recep-
tor-mediated inhibition of cardiac L-type Ca?* channels, Pfliig.
Arch. 429, 531.

Hess, P., J.B. Lansman and R.W. Tsien, 1984, Different modes of Ca
channel gating behaviour favoured by dihydropyridine Ca ago-
nists and antagonists, Nature 311, 538.

Hirano, Y., K. Suzuki, N. Yamawake and M. Hiraoka, 1994, Multiple
kinetic effects of B-adrenergic stimulation on single cardiac L-type
Ca channels, Am. J. Physiol. 266, C1714.

Kunze, D.L. and D. Rampe, 1992, Characterization of the effects of
a new Ca2* channel activator, FPL 64176, in GH; cells, Mol.
Pharmacol. 42, 666. '

Lacerda, A.E. and A.M. Brown, 1989, Nonmodal gating of cardiac
calcium channels as revealed by dihydropyridines, J. Gen. Phys-
iol. 93, 1243.

Lee, K.S., E. Marban and R.W. Tsien, 1985, Inactivation of calcium
channels in heart cells: joint dependence on membrane potential
and intracellular calcium, J. Physiol. 364, 395.

Markwardt, F. and B. Nilius, 1988, Modulation of calcium channel
currents in guinea-pig single ventricular heart cells by the
dihydropyridine Bay K 8644, J. Physiol. 399, 559.

Rampe, D. and A.E. Lacerda, 1991, A new site for the activation of
cardiac calcium channels defined by the nondihydropyridine FPL
64176, J. Pharmacol. Exp. Ther. 259, 982.



S. Herzig / European Journal of Pharmacology 295 (1996) 113-117 117

Sanguinetti, M.C., D.S. Krafte and R.S. Kass, 1986, Voltage-depen- Yue, D.T., S. Herzig and E. Marban, 1990, B-Adrenergic stimulation
dent modulation of Ca channel current in heart cells by Bay of calcium channels occurs by potentiation of high-activity gating
K8644, J. Gen. Physiol. 88, 369. modes, Proc. Natl. Acad. Sci. USA 87, 753.

Wiechen, K., D.T. Yue and S. Herzig, 1995, Two distinct functional Zhang, S., Y. Hirano and M. Hiraoka, 1995, Arginine vasopressin-in-
effects of protein phosphatase inhibitors on guinea-pig cardiac duced potentiation of unitary L-type Ca?* channel current in

L-type Ca?* channels, J. Physiol. 484, 583. guinea pig ventricular myocytes, Circ. Res. 76, 592.



