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Abstract—The activity of cationic amphiphilic compounds to affect artificial phospholipid-membranes
was compared with the membrane-stabilizing cardiodepressant potency of the drugs. The twenty-
one investigated catamphiphilic compounds belonged to various pharmacological groups including
antiarrhythmic, local anaesthetic, B-blocking, antimalarial, and psychoactive drugs. The perturbing
action of the drugs on phospholipid-membranes was evaluated by determining the drug-effect on
the temperature of the phase-transition from the gel to the liquid crystalline state in liposomes of
dipalmitoylphosphatidic acid by means of differential scanning calorimetry. The ability to interact with
the polar headgroups of phospholipid-membranes was measured by recording the effects of the cationic
compounds on the binding of ¥*Ca’* to monomolecular layers of phosphatidylserine. The car-
diodepressant action was observed in Langendorff-preparations of guinea-pig hearts. The drug-effect
on excitability was indicated by the elevation of the threshold-intensity of 50 Hz alternating current to
induce ventricular arrhythmia. For the sake of comparison, the negative chronotropic and inotropic
effects were evaluated. There was only a moderate correlation found between the activities of the drugs
to reduce the transition temperature and to inhibit **Ca?*-binding (r = 0.69). This result probably
reflects that both methods look upon different consequences of the drug-phospholipid interaction. The
membrane-stabilizing, anti-excitatory potency corresponded favourably with the ability of the drugs to
affect the phospholipids. Almost 80% of the variance between the anti-excitatory potencies could be
accounted for by the drug—phospholipid interactions. The negative chronotropic and inotropic effects
accompanying the anti-excitatory actions were similar for most of the drugs. The results of the study
are compatible with the hypothesis that the interaction with phospholipid-membranes is a major

0006-2952/89 $3.00 + 0.00
© 1989. Maxwell Pergamon Macmillan plc

determinant of the membrane-stabilizing cardiodepressant potency of cationic amphiphilic drugs.

Drugs from various groups share the physico-
chemical property of cationic amphiphilia. An aro-
matic ring system provides lipophilia and a side chain
with an amino-group being predominantly pro-
tonized at neutral pH contributes cationic hydro-
philia. Catamphiphilic molecules tend to bind to
phospholipid-membranes, the cationic part lying
within the polar region of the phospholipid-head-
groups, the aromatic ring directing to the apolar
region of the fatty acyl chains [1-5].

A cardiodepressant action can be elicited by a
variety of catamphiphilic drugs, e.g. antiarrhythmic
and local anaesthetic drugs [6], S-blockers [7-10], or
phenothiazine neuroleptics [9]. The cardiodepres-
sion includes a reduction of excitability, heart rate,
and force of contraction. It is often attributed to a so-
called membrane-stabilizing action [11]. Originally,
however, the term membrane-stabilization means a
stabilization of the resting membrane potential, i.e.
an inhibition of membrane depolarization [12, 13].
The reduced excitability indicates an impaired so-
dium-channel function (for reviews e.g. Refs.
6, 14, 15).

Yet, the term membrane-stabilization does not
elucidate the molecular mode of action. To account
for the voltage- and stimulation-dependence of anti-
arrhythmic drug-action, the models of Hondeghem
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and Katzung [16, 17] and Starmer et al. [18] assume
a receptor to be present on the channel protein. On
the other hand, it is tempting to relate membrane-
stabilization to an unspecific intercalation of drug-
molecules into the lipid matrix of heart cell mem-
branes. Catamphiphilic drugs accumulate in intact
cardiac tissue depending on their hydrophobicity
[19]. In the case of B-blocking agents various inves-
tigators found good correlations between the car-
diodepressant potency and the hydrophobicity of the
drugs (e.g. Refs 10, 20,21). Lee [22, 23] reported
that the capability of drugs to reduce the phase-
transition temperature of artificial phospholipid-
membranes corresponded with their local anaes-
thetic potency. Schlieper and coworkers (e.g. Ref
24) found that tetracaine, propranolol, lidocaine,
and procaine affected the surface charge of phos-
pholipid-membranes with the same rank order of
potency as they acted cardiodepressant. Mechanisms
by which drug-incorporation in the phospholipid-
bilayer might affect an integral membrane protein
have been proposed by Seeman [25], Trudell [26],
and Lee {22, 23].

In the present study twenty-one catamphiphilic
drugs from various pharmacological groups were
compared with respect to their ability to interact with
phospholipid-membranes and to depress cardiac
function. If the interaction with phospholipid-bilay-
ers were amajor determinant of the cardiodepressant
activity, a good correlation should emerge between
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the potency to interact with phospholipid-mem-
branes and the membrane-stabilizing activity. For
the sake of comparison, three further drugs were
included. The uncharged local anaesthetic ben-
zocaine (pK,=2.5 [27]) should also affect
phospholipid-membranes and depress cardiac func-
tion. The specifically acting catamphiphilic calcium-
antagonists verapamil and diltiazem should deviate
from the correlation.

Two aspects of the interaction of the cationic
drug molecules with phospholipid-membranes were
looked upon separately. In order to evaluate the
perturbing activity on the membranes, the drug-
effect on the temperature of the transition from
the gel to the liquid crystalline state was determined
in liposomes of dipalmitoylphosphatidic acid
(DPPA) by means of differential scanning calor-
imetry. Previous studies [28, 29] had indicated that
the intrinsic activity of drugs to perturb the bilayer
is easier screened in DPPA- than in DPPC-lipo-
somes. The interaction with the phospholipid-
headgroups was evaluated by measuring the drug-
effects on **Ca’*-binding to phosphatidylserine-
monolayers. Several catamphiphilic drugs have
already been investigated [30] so that the list had
only to be completed.

The cardiodepressant potency was screened in
isolated guinea-pig hearts perfused according to
Langendorff [31]. In the spontaneously beating
hearts, it was possible to determine not only
the membrane-stabilizing (negative bathmotropic)
potency, but also the negative chronotropic, and
the negative inotropic drug-actions. In order to
evaluate the membrane-stabilizing drug-effect, i.e.
the reduction of excitability, alternating current
was delivered to the ventricular walls and the
threshold current for arrhythmia was determined.
The application of alternating current to investigate
drug-effects on the excitability of guinea-pig cardiac
preparations has been described previously by
Borchard and coworkers [32, 33].

METHODS

Phase-transition temperature of DPPA-liposomes.
The preparation of the liposomes and the measure-
ment of the transition temperature (T,) by means
of differential scanning calorimetry was performed
as described previously [28,29]. DPPA (1,2-dip-
almitoyl-sn-glycero-3-phosphate monosodium salt,
purity 99%; Sigma Chemical Co., Miinchen,
F.R.G.) was weighed in portions of 5 mg into glass
vials. The drugs were dissolved in chloroform or
chloroform/methanol (v/v 15/2-3/1) at an ambient
temperature of 6° and the solutions were added to
the phospholipid in the appropriate volumes to
obtain the indicated drug/DPPA-ratios. At a tem-
perature of 20° the samples were first dried under
a stream of nitrogen for 2 hr and then evaporated
overnight in a vacuum-exsiccator. The next day,
100 ¢l of a buffer composed of 14 mM TES*/14 mM
histidine adjusted with HCl to pH 6 were added

* TES = N-tris(hydroxmethyl) - methyl - 2-aminoethane
sulfonic acid.
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to the drug/DPPA mixture. The pH of 6 lies in
between the pK, values of phosphatidic acid of
pK, = 3.5 and pK, = 9 [34]. Thus, at pH = 6 DPPA
is mono-anionic, the curve for the dependency of
T, from the pH reveals a plateau [34], and the
eventual small variations of the sample pH do not
affect 7,. At pH®6, the drugs were almost com-
pletely protonized, i.e. in the cationic amphiphilic
form. The liposome suspension was prepared by
incubating the samples in a water bath at 70°, i.e.
above T, for 2hr. Every 30 min the sample vials
were vigorously shaken on a bench vibrator. Ten
ul of the resulting milky suspensions were encap-
sulated in aluminium pans (Perkin-Elmer, Uber-
lingen, F.R.G.) for determination of the phase-
transition temperature by differential scanning
calorimetry. The measurement was performed with
a “DSC-2C/intracooler II”-equipment (Perkin-
Elmer). An aluminium pan containing 10 ul distilled
water served as the reference. The pans were
heated from 12° to 72° at a rate of 5°/min and a
sensitivity range setting of 0.5 mcal/sec. The tem-
perature scale was calibrated using cyclohexane
and indium as the standards. The evaluation of T,
from the thermograms is described in Results.

$Ca’*-binding to phosphatidylserine-films. The
method to measure the binding of “*Ca** to mono-
molecular films of phosphatidylserine (PS) spread
on the surface of an aqueous buffer has been
described previously [30, 35]). The buffer was com-
posed of CaCl,, 0.01 mM; NaOH, 5mM; TES,
2mM; histidine, 2mM adjusted with HCl to
pH7.5, and the drugs at the indicated con-
centrations. Trace amounts of ¥CaCl, (New Eng-
land Nuclear, Dreieich, F.R.G.) were added in
order to yield about 2500 counts per minute (cpm)
in the absence of the phospholipid-film. Measure-
ments were performed at room temperature (about
20°). Sml of the buffer were filled into a Teflon-
planchette with 4.5 cm diameter, which was then
positioned under the end-window of a Geiger—
Miiller counting tube (Frieseke & Hoepfner, Erlan-
gen, F.R.G.) in order to determine the radioactivity
(electronic equipment by Berthold, Wildbad,
F.R.G.) The background impulse rate detected in
the absence of ¥Ca?* amounted to about 300 cpm.
Phosphatidylserine (from bovine brain, purity 98-
99%, Sigma) dissolved in 1ul chloroform was
applied in an amount of 3 nmol on the surface of
the buffer. The counting rate almost doubled
indicating *Ca?*-adsorption to the film. In the
presence of the drug, the adsorption of *Ca’*
was reduced. The drug-effect was evaluated by
expressing the “Ca?*-absorption to the film
measured in the presence of the drug as a per-
centage of the absorption recorded in the absence
of the drug.

Functions of the isolated guinea-pig heart. Guinea-
pigs of either sex (weight 200-400g) were
killed by a blow on the neck and exsanguinated
by cutting a carotid artery. Immediately after
opening the chest, Tyrode solution at 7° was poured
over the heart in order to induce bradycardia and
reduce oxygen demand. The heart was isolated and
fixed with its aortic stump to the outlet pipe of
the Langendorff-apparatus. Coronary perfusion was
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Table 1. Investigated drugs

AT, ICso ACso Ah.r./Ac.f.
Compounds logp | [uM] [uM] [%]
Antiarrhythmic drugs
Aprindine 5|l 36 40 0.5 9/12
Disopyramide 1.8 22 7000 85 20/25
Lidocaine 2.5§ 28+ 3250¢ 20 8/8
Mesxiletine 13| 2 300 17 11/11
Procainamide 0.8] 19 3000 340 19/18
Propafenone — 27 17 1.2 4/4
Quinidine 1.8% 30 45% 22 33/23
B-Blockers
Acebutolol 1.7 19 2600 110 19/29
Atenolol 0.2§ 15 6300% 2000 7/10
Diacetolol — 12 5100 64 10/39
Pindolol 1.6 25 580 45 6/21
Propranolol 3.18 37 224 4.4 12/15
Various § §
2-Aminopyridine 0.2 13 1200 11000 40/32
Benzocaine 2.3** 10 1% 240 14/18
Chloroquine 4.6 15 30 32 30/71
Chlorphentermine 2.6 34+ 80 43 12/32
Chlorpromazine 53 36+ 7 0.8 12/18
Dibucaine 43 48* 35 0.2 12/10
Diltiazem — 30 70 %} %)
Phentermine 1.9 28* 700 160 7/18
Procaine 1.9 21 4000 170 20/16
Quinine 1.8 29 45 20 22/32
Tetracaine 37 42% 100 0.5 9/8
Verapamil 2.5 34 150% 12) ]

logp: octanol-water partition coefficient; AT,: reduction of the transition temperature of
DPPA,; ICs: concentration to inhibit #*Ca®*-binding to phosphatidylserine monolayers by 50%
ACs: concentration to elevate the threshold of alternating current to induce arrhythmia in
isolated guinea-pig hearts by 50%; Ah.r.: %-reduction of the heart rate at ACs, Ac.f.: %-

reduction of the contraction amplitude at ACs.

* : mean values from [29] and the present study.

t : from [29].

: mean values from {30] and the present study.

§: from [30].

||: from [54].

9: calculated from [55].
**: from [56].

—: not available.

J: not measurable.

done with oxygenated (95% 0,/5% CO,) Tyrode
solution modified according to von Muralt (NaCl,
136.8 mM; KCl, 2.7 mM; CaCl, 1.8 mM; NaHCO,
11.9 mM; MgCl, 1.05 mM; NaH,PO, 0.21 mM; glu-
cose, 5.5mM; pH7.3; 35°) at a pressure of
50 mmHg. For the measurement of the contrac-
tions, a fine hook was attached to the apex of the
heart and connected with a cotton thread to a
force transducer. The mechanogram was written
with a pen-recorder (R511A, Beckman). As elec-
trodes to deliver the alternating current served two
fine, flexible brushes with a diameter of about
Smm, which were embraced at their basis with
platinum tin-plates connected via an amperemeter
to a 50Hz alternating current transformer. The
brushes were wetted with Tyrode solution and

BP 38:15-G

attached at opposite sites to the ventricular walls
well below the auricles. At the end of the prep-
aration, the spontaneously beating heart was
enclosed in a waterjacketed chamber which main-
tained an indoor temperature of 32-33°. During
the subsequent equilibration phase of 1hr, the
tension exerted wia the hook on the heart was
gradually increased to 50 mN. As described in more
detail in Results, recordings were made of the
threshold current for arrhythmia, of the heart rate
and of the force of contraction. Drugs were applied
dissolved in the perfusion fluid over a period of
30 min for each concentration with readings after
15 min and 30 min. The drug concentrations were
increased cumulatively.

The drugs were gifts from the manufacturers
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Fig. 1. Effect of aprindine on the transition-temperature of liposomes made of dipalmitoylphosphatidic

acid (DPPA). The thermograms were recorded by means of differential scanning calorimetry. Upward

deflection: endothermic heat flow into the liposome containing sample. Abscissa: temperature of the
sample. The amount of drug added is indicated relative to the amount of DPPA present.

or purchased from Sigma. In the case of chiral
compounds the drugs were applied as the racema-
tes, except quinidine, quinine, and cis-(+)-dil-
tiazem.

RESULTS

Interaction of the -catamphiphilic drugs with

phospholipid-membranes.

The effects of the catamphiphilic drugs on the
transition temperature of DPPA-membranes are
illustrated by differential scanning calorimetry recor-
dings obtained with the antiarrhythmic drug aprin-
dine (Fig. 1). Under control conditions a narrow
transition signal occurred at about 65°. The onset
temperature of the phase-transition was evaluated
by extrapolating the baseline of the thermogram,
fitting a straight line to the upward deflection of the
signal, and then connecting the intersection of these
lines with a line perpendicular to the temperature
axis of the thermogram. In 28 liposome suspensions
the transition temperature (7;) was found to lie in
the range of 63.5 - 67.7°, which is in correspondence
with the T,-values reported in the literature [36, 37].
In the presence of aprindine (Fig. 1) an additional
signal emerged at about 29°. With an increasing
amount of drug added this drug-induced signal rose
at the expense of the control signal. The separate
drug-induced signal probably reflects the formation
of drug-containing DPPA-domains coexisting with
drug-free domains. Whereas the majority of the
investigated drugs elicited drug-induced transition
signals at the same molar ratios as did aprindine,
some had to be applied in a higher dosage (2-amino-
pyridine, atenolol, chloroquine, procaine, and pro-

cainamide). The temperatures at which the drug-
induced signals occurred differed considerably for
the various compounds. The difference between the
control T; and the drug-induced T,-value (AT,) was
taken as a measure for the perturbing activity of the
drugs. The AT,-values found for a drug at the various
molar ratios were averaged. The AT-values thus
obtained for the investigated drugs in the present
and in the previous study [29] are compiled in Table
1. Also the neutral benzocaine lowered the transition
temperature with AT, = 10°. In order to check the
reproducibility of the results, the previously inves-
tigated drugs dibucaine, phentermine, and pro-
pranolol were also included in the present study. The
difference between the actual and the previous A#-
values was smaller than 10%. Table 1 indicates the
mean AT -values for these drugs.

The effects of some antiarrhythmic drugs on the
#Ca?*-binding to the phosphatidylserine-mono-
layers is illustrated by the respective concentration—
response curves in Fig. 2. As reported previously
[30], the catamphiphilic drugs inhibited “*Ca?*-bind-
ing concentration-dependently with different
potency. The reduction of “*Ca**-binding reflected
that the cationic drugs intercalated in between the
phosphatidylserine-headgroups, thus neutralizing
negative charges and occupying Ca?*-binding sites
[30]. As a measure of potency served the drug-
concentration at which ¥*Ca2*-binding was depressed
down to 50% of the control-value obtained in the
absence of drug. The 1Csp-values found in the present
and in the previous investigation [30] are listed in
Table 1. Again the reproducibility was checked by
including some drugs in both studies; Table 1 indi-
cates the mean ICsy-values in these cases. Since the
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Fig. 2. Inhibition of *Ca?*-binding to phosphatidylserine-monolayers by the indicated drugs. Ordinate:

Ca’*-binding as a percentage of the binding obtained in the absence of drug. Abscissa: drug-con-

centration in the aqueous subphase on which the monolayer was spread. Points represent mean-values

of two to three determinations. The deviation of the individual values from the respective mean-value
was usually less than 10%-points and amounted at maximum to 14%-points.
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Fig. 3. Effect of chlorphentermine on the threshold-intensity of alternating current to induce arrhythmia

in an isolated guinea-pig heart perfused in the Langendorff-mode. Original tracings of the contractions

of the heart. Indicated is the intensity of the alternating current (in mA) required to induce arrhythmia.

Upper tracing: control after the 1 hr equilibration period. Lower tracings: registration after the drug

had been present in the perfusion fluid at the indicated concentrations for 30 min. Note also the drug
effects on heart rate and contraction amplitude.

neutral benzocaine does not affect the surface charge
of PS, an 1Cse-value cannot be given for this drug.

Effects of the catamphiphilic drugs on cardiac func-
tion.

Original tracings of the contractions of an isolated
spontaneously beating guinea-pig heart recorded in
an experiment with chlorphentermine are depicted
in Fig. 3. At the end of the 1 hr equilibration period
the contraction amplitude amounted to 142 mN and
the heart rate was 140 beats per min (bpm). The
control values obtained with ail isolated hearts ran-
ged between 80-200 mN and 100-200 bpm, respect-

ively. In order to evaluate the threshold current for
arrhythmia, the alternating current was switched on
and slowly increased with a rate of about 0.05~
0.1 mA/sec. The mechanogram of Fig. 3 revealed
arrhythmia at a current intensity of 0.8 mA. When
arrhythmia had been elicited, the current intensity
was immediately reduced; the heart fell into the
normal sinus rhythm and attained the previous con-
traction amplitude after a few contractions. The
determination of the alternating current (AC)
threshold was repeated four times with the same
result. The control values for the Ac-threshold
found in all experiments ranged between 0.3 and
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Fig. 4. Concentration-response curves for the chlor-
phentermine effects in isolated guinea-pig hearts on
arrhythmia-threshold (right ordinate), and on heart rate
and contraction amplitude (left ordinate). The data were
expressed as a percentage of the values obtained at the end
of the equilibration period. Indicated are mean + SE for
N =6.

1.5mA. With increasing concentrations of chlor-
phentermine present in the perfusion solution,
higher current intensities were required for arrhyth-
mia (Fig. 3). The values recorded after 15 min per-
fusion were similar to the 30 min values, indicating
that the effect had attained its steady state. Heart
rate and contraction amplitude fell with increasing
drug concentrations. At 150 uM, chlorphentermine
induced an elevation of the diastolic tension, and up
to a current intensity of 9 mA arrhythmia did not
occur; the experiment was terminated. The con-
centration-response curve as evaluated from a total
of six experiments is depicted in Fig. 4. The figure
also reveals the concentration—-response curves for
the drug-effects on the heart rate and on the con-
traction amplitude. In order to define the spon-
taneous alteration of cardiac function, control
experiments were performed with a drug-free per-
fusion fluid. When the values obtained at the end of
the equilibration period were set 100%, the following
values resulted after a 3 hr period (mean = SE, N =
6): Ac-threshold: 118 = 4%, heart rate: 96 = 4%,
contraction amplitude: 84 * 4%. Because the shifts
were rather slight, the dose-response curves were
not corrected for spontaneous alterations of the para-
meters.

As a measure of the antiarrhythmic, membrane-
stabilizing potency was taken the drug-concentration
at which the AcC-threshold was increased by 50%. In
the case of chlorphentermine, the ACso-value
amounted to 43 uM. At this concentration, heart
rate was reduced by 12% and contraction amplitude
by 32%.

Figure 5 displays the dose-response curves for the
antiarrhythmic effects of various drugs. Reasons for
the termination of the experiments were a strong
depression of contractile force, an increment of dias-
tolic tension, an atrioventricular blockade or other
forms of spontaneous arrhythmia. In the case of the
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Ca-antagonists diltiazem (Fig. 5) and verapamil, only
marginal effects on the AcC-threshold could be
observed, before the effects on force of contraction
and atrioventricular conduction prevented the con-
tinuation of the cumulative drug-exposure. The neu-
tral drug benzocaine elevated the Ac-threshold with
an ACsy of 240 uM. The ACsp-values of all drugs
investigated are compiled in Table 1. The table also
indicates the alterations of heart rate and contraction
amplitude as read from the individual dose-response
curves (not shown) at the ACs-concentration.
Whereas the ACsy-concentrations varied by a factor
of 100,000, the majority of the drugs reduced heart
rate and force of contraction to a similar extent at this
concentration. However, the di-cationic chloroquine
(pK,: 8.1, 10.1 [30]) especially exerted a more pro-
nounced effect on contractile force.

DISCUSSION

The aim of the study is to compare the car-
diodepressant potency of cationic amphiphilic com-
pounds with their capability to interact with
phospholipid-membranes. In artificial phospholipid-
membranes, two consequences of the incorporation
of catamphiphilic drugs were investigated: the
reduction of the phase-transition temperature of
DPPA-bilayers and the inhibition of the +*Ca®*-bind-
ing to PS-monolayers. To check whether the two
test systems were affected with corresponding or
deviating activities, the respective measures of
potency for the various drugs were plotted in the
correlation depicted in Fig. 6. The linear regression
analysis revealed a correlation coefficient of r = 0.69.
Thus, only 50% of the variation between the drugs
with respect to the depression of the phase-transition
temperature can be g)redicted from the different
potencies to inhibit **Ca?*-binding. The deviation
is most prominent with the di-cationic compound
chloroquine. The most likely explanation for the
deviations seems to be that the two methods look
upon separate consequences of the drug-incor-
poration into the phospholipid-membranes.

The reduction of “*Ca?*-binding indicated the
uptake of the positively charged hydrophilic moiety
of the catamphiphilic drugs. “Ca?*-binding declined
with increasing drug concentration and probably the
concentration-response curves reflected the under-
lying binding curves [30]. The reduction of the tran-
sition temperature indicated the perturbing action
on the structural arrangement exerted by the catam-
phiphilic drugs placing their hydrophobic moiety into
the hydrophobic interior of the bilayers. The dif-
ferent ability of the various drugs to depress T,
presumably results from a different depth of pene-
tration of the hydrophobic moieties into the fatty
acid chain region of the phospholipid bilayer. For
instance, the depth of penetration into phospholipid
bilayers has been reported to reach to the 6-8th
carbon of the fatty acid chains for tetracaine [1, 4],
for propranolol to the 2nd—4th [3], and for chlor-
promazine to the 2nd-3rd [38] carbon. The rank
order corresponds with the rank order of the depres-
sion of T, tetracaine (AT, = 42°) > propranoclol
(37°) ~ chlorpromazine (36°). Thus, the different
degrees of T\-reduction may reveal different intrinsic
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Fig. 5. Concentration-response curves for the effects of various cationic amphiphilic drugs on the

threshold of alternating current (AC) to induce arrhythmia. Ordinate: Ac-threshold as percentage of the

value recorded at the end of the equilibration period before drug-exposure. Abscissa: concentration of

the indicated drugs. 2-AP: 2-aminopyridine. Indicated are mean + SE of N = 3-6, or mean * deviation

of the individual values of N = 2. ACs: drug-concentration at which the Ac-threshold for arrhythmia
was elevated by 50%.
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Fig. 6. Plot of the activity of the catamphiphilic drugs to
reduce the phase-transition temperature (7,) of DPPA-
membranes vs the potency to inhibit “Ca?*-binding to
phosphatidylserine monolayers. Ordinate: AT,, difference
between the control-7, and the drug-induced 7;. Abscissa:
ICsp, drug-concentration to inhibit “Ca?*-binding by 50%;
logarithmic scale. ®: antiarrhythmic drugs; O: S-blockers;
A various; C: chloroquine. The regression line (P < 0.01)
is given by (95% confidence limits in parentheses):
AT, =4.8 (£5.4) — 6.4 (£1.5) X log 1Cs; r = 0.69.

potencies of the drugs to perturb the hydrophobic
interior of the lipid bilayer.

The AT,- and iCsp-values to affect the phospho-
lipids were also compared with the available logp-
values (Table 1) as a measure of the hydrophobicity.
Linear regression analysis revealed a rather weak
correlation between AT, and logp (r=0.62),
whereas the correspondence between 1Csy and logp
was good (r = 0.77). Since hydrophobicity is a major
determinant for drug-uptake into phosphilipid-mem-

branes, these results are in keeping with the view
that the affinity of the drugs to bind to phospholipids
governs the potency to affect *Ca?*-binding but not
the activity to reduce the transition temperature.

In conclusion, the notion is supported by the pre-
sented results that the various aspects of the inter-
action of cationic amphiphilic drugs with
phospholipid membranes (i.e. binding and effects)
cannot be described appropriately by a single
physicochemical measure such as the octanol/water
partition coefficient but should be analysed sep-
arately [39, 40].

To find out whether the measures of potency
obtained in the present experiments for the ability to
affect phospholipid-membranes corresponded with
the Acsp-values as the measure of membrane-sta-
bilizing, negative bathmotropic activity, the data
were plotted in the correlations depicted in Fig. 7.
The ACsy-values to reduce the excitability correlated
well with the AT-values for the depression of the
transition temperature (Fig. 7A) and the 1Csy-values
for the inhibition of *Ca?*-binding (Fig. 7B).
Remarkably, in both cases the correspondence was
better than found with the comparison of the effects
on the phospholipid-membranes (Fig. 6). The neu-
tral drug benzocaine fitted well into the correlation
between ACso and AT,. The Ca-antagonists, ver-
apamil and diltiazem, could not be included in the
correlations shown in Fig. 7, since an elevation of
the alternating current threshold by 50% could not
be obtained. This finding reflects that the Ac-
threshold depends upon the sodium channel func-
tion. The correlations allow to predict the ACsy of
verapamil from its effects on the phospholipid-mem-
branes; the ACsy should amount to 6 uM. In fact,
Nawrath et al. [41] showed a sodium-channel block-
ing activity of verapamil to occur at this con-
centration. The other catamphiphilic compounds
investigated in the present study fit more or less well
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Fig. 7. Plot of the anti-excitatory potency of the catamphiphilic drugs vs the activity to reduce T, of
DPPA-membranes (A) and the potency to inhibit ®*Ca?*-binding to PS-monolayers (B). Ordinates:
ACsy, drug-concentration to elevate the threshold-intensity of alternating current to induce arrhythmia
in isolated guinea-pig hearts by 50%, logarithmic scale. Abscissae: (A): AT,, difference between the
control-T, and the drug-induced T;; (B): 1C5, drug-concentration to inhibit *Ca?*-binding by 50%,
logarithmic scale. ®: antiarrhythmic drugs; O: B-blockers; A: various. B: benzocaine, not included in
the regression analysis. The regression lines (P < 0.01) are given by (95% confidence limits in parenth-
eses): (A) logAacsy = —1.86 (+£0.46) — 0.10 (+0.02) X AT,; r=0.83; (B) logACs, = —1.45 (=0.59)

+0.90 (%0.16) x log 1Csy;

r=0.80. Multiple

correlation leads to (P<0.01): logACs=

~1.14 ~ 0,07 X AT, + 0.48 X log 1Cs; r = 0.88.

into the correlations independent of their mem-
bership in a pharmacological class. It should be noted
that the antiarrhythmic drugs did not exhibit a
stronger membrane-stabilizing activity than expected
from their capability to affect phospholipid-mem-
branes on the basis of the present correlations. A
multiple regression analysis yielded an even better
correspondence between the ability to interact with
phospholipid-membranes and the membrane-sta-
bilizing potency: r = 0.88. Accordingly, almost 80%
of the variation between the ACsy-values could be
accounted for by the different activities of the drugs
to affect phospholipid-membranes.

In order to check the correspondence between the
ACgq- and the available logp-values, a linear
regression analysis was made, which yielded a good
correlation: r=0.84. Accordingly, as has been
described previously for B-blocking agents
[10, 20, 21}, also the present study proved the mem-
brane-stabilizing potency to parallel the hydro-
phobicity of catamphiphilic drugs.

One might argue that the ACsp-values for the drugs
are not comparable, since the anti-excitatory action
may depend, in a drug-specific manner, on the heart
rate and the heart rate was not kept constant.
However, as can be taken from Table 1, the heart
rate was affected to a similar extent at the ACs-
concentrations of the various drugs. Itis unlikely that
ACgg-values obtained at a constant driving frequency
would deviate from the presented ACs-values to
such an extent as to alter the presented correlations
essentially.

Thus, the good correlation between the activity
of the catamphiphilic drugs to affect phospholipid-
membranes and the anti-excitatory potency, as well
as the fit of the drugs, irrespective of their phar-
macological class, both lend support to the hypo-
thesis that the membrane stabilizing effect may result
from an interaction with the phospholipid-matrix of

cell membranes. With regard to the anti-excitatory
action, the phospholipids surrounding the sodium
channel protein would represent the site of action.
The improvement of the correlation obtained by the
combined consideration of the effects on *Ca?*-
binding and on the transition temperature could be
interpreted to show that both the alteration of the
polar headgroup region and of the inner structure of
the phospholipid-annulus might be involved in the
effect on the sodium channel function.

On the other hand, some aspects of sodium-chan-
nel block point to a more specific, presumably direct
interaction of catamphiphilic drugs with the channel
protein. The actions of the catamphiphilic anti-
arrhythmic agents depend in a drug-specific manner
on the membrane potential and the frequency of
stimulation {e.g. 1618, 42]. Furthermore, the
enantiomers of some antiarrhythmic drugs have been
found to affect sodium channel function with dif-
fering potencies [43, 44]. The seeming contradiction
between the evidence for a specific interaction with
the sodium-channel and the good correlation
between the anti-excitatory action of catamphiphilic
compounds and their potency to affect phospholipid-
membranes might be resolved by one of the following
interpretations. Firstly, since the Na-channel protein
faces both the hydrophilic pore and the hydrophobic
interior of the surrounding phospholipid-matrix, it
will also contain an amphiphilic interfacial region.
Thus, the common ability of the catamphiphilic drugs
to bind to interfaces may underly both the interaction
with the phospholipid-membranes and with the sod-
inm-channel. The artificial phospholipid-membranes
would thus behave as models for interfacial regions.
Nevertheless, cationic amphiphilia would remain the
decisive property for the drug action. Secondly, as
pointed out by Herbette and coworkers {39, 45],
drugs could approach binding sites on integral mem-
brane proteins via the surrounding lipid phase. The
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way of interaction of a cationic amphiphilic drug with
the phospholipid matrix could determine the access
to the sodium channel protein and could thus domi-
nate the effect on the channel function. Thirdly, the
interaction of catamphiphilic drugs with phospho-
lipid-membranes depends, apart from the hydro-
phobicity of the drugs, on their charge, on the charge
of the phospholipid-membrane and on its fluidity
[3, 46-52}. The electric field of about 100,000 V/cm
imposed on cell membranes at a resting potential of
about —80mV [53] may be expected to affect
severely the charge and structural arrangement of
the phospholipids and the drug-phospholipid inter-
action. A voltage- and stimulation-dependence of
the drug-action could thus be imagined to result
from a voltage-dependence of the drug—phospholipid
interaction. Since the biological membranes are com-
posed stereoselectively of phospholipids, it might
also be assumed that they could discriminate between
drug-enantiomers.

Fine differences between the negative chrono-
tropic and inotropic actions of the drugs were found
that may well be of therapeutic relevance. Yet, the
negative chronotropic and negative inotropic effects
accompanying the anti-excitatory action were in a
similar range for most of the drugs. Accordingly,
appropriate measures of potency would well cor-
relate with the AT, and ICs5-values to affect phospho-
lipid-membranes. Since sinus node function and
electromechanical coupling depend on various cellu-
lar events, a variety of sites could be discussed as
points of attack for the catamphiphilic drugs. But
again, cationic amphiphilia seems to dominate these
other cardiodepressant actions of the drugs.

In conclusion, the cardiodepressant action of cat-
ionic amphiphilic drugs was found to parallel the
ability of the drugs to affect phospholipid-interfaces.
This result indicates that the cationic amphiphilic
nature is a main determinant of the cardiodepressant
effects, and it may point to a pivotal role of the
intercalation of catamphiphilic drugs in the phospho-
lipid-matrix of cardiac cell membranes for the car-
diodepressant action.
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