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PRENYLAMINE-INDUCED

CONTRACTURE OF FROG SKELETAL MUSCLE

E.B. KIRSTEN & KAREN C. LUSTIG

Department of Pharmacology, Columbia College of Physicians & Surgeons, New York,

New York 10032, U.S.A.

1 Experiments were performed to determine the influence of prenylamine on excitation-contraction

coupling in frog sartorius muscle.

2 Prenylamine (0.2—1.0 mM) produced a biphasic contracture in skeletal muscle characterized by an
initial phasic and subsequent tonic contracture.

3 Neither dantrolene nor procaine blocked the prenylamine-induced contracture.
Pretreatment with 100 mM K+ blocked the phasic but not the tonic component of the prenylamine
contracture.

4 Prenylamine produced a sustained increase in 4Ca efflux at all concentrations that produce
contracture. These concentrations of prenylamine also depressed the action potential, muscle twitch
and resting potential. )

5 Low concentrations of prenylamine (0.05 mM) which produced neither contracture, *Ca efflux nor
45Ca influx, depressed the action potential, muscle twitch and K+ contracture.

6 The results suggest that prenylamine not only alters calcium mobility but also membrane

permeability to other ions.

Introduction

Prenylamine (N-{3'-phenylpropyl-(2)}-1,1-diphenyl-
propyl-(3) amine; Segontin) is one of a group of
compounds which have been designated as organic
calcium antagonists. At least two of these compounds,
verapamil and prenylamine, have clinically useful
cardiac antiarrhythmic properties which have been
attributed " to an action on membrane calcium
conductance (Singh & Vaughan-Williams, 1972;
Rosen, Ilvento, Gelband & Merker, 1974; Rosen, Wit
& Hoffman, 1975). Several lines of evidence have
indicated that these agents have rather specific effects
on calcium mobility. First, the results of studies on
cardiac atrial (Haas, Kern, Benninger & Einwichter,
1975) and ventricular muscle fibres (Kohlhardt,
Bauer, Krause & Fleckenstein, 1972), cardiac
Purkinje fibres (Cranefield, Aronson & Wit, 1974) and
fibres in the sinoatrial and atrioventricular nodes (Wit
& Cranefield, 1974) are consistent with the
observation that these agents depress a slow inward
calcium current. Secondly, both verapamil and its
methoxy-derivative Dy, block a second, delayed
component of calcium entry in squid axon (Baker,
Meves & Ridgway, 1973). Thirdly, these agents have
been shown to block excitation-contraction coupling
in cardiac muscle (Fleckenstein, Tritthart, Flecken-
stein, Herbst & Griin, 1969), smooth muscle (Haeusler,
1972) and skeletal muscle (Bondi, Kirsten & Hofmann,
1974). The apparent specificity with which these agents
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interfere with an inward flux of calcium ions, prompted
us to investigate the effects of prenylamine on skeletal
muscle.

Over the past few years, a considerable body of
evidence has accumulated showing that activation of
skeletal muscle proteins depends upon the release of
calcium from the sarcoplasmic reticulum (Winegrad,
1970; Weber & Murray, 1973). However, the precise
mechanism whereby depolarization of the transverse
tubular (T-tubules) system is coupled to intracellular
release of calcium is unknown. Two proposals for the
coupling of sarcolemma excitation to the interaction of
actin and myosin have been advanced. One suggestion
(Bianchi & Bolton, 1967) involved the inward
movement of a proposed ‘trigger’ calcium, located in
the T-tubules and mobilized by T-tubular depolariza-
tion. This fraction of ‘trigger’ calcium regeneratively
releases activator calcium from the sarcoplasmic
reticulum and contraction ensues. An alternative
possibility (Sandow, 1973; Podolsky, 1975; Sandow,
Krishna, Pagala & Sphicas, 1975) involves an initial
release of sarcoplasmic reticulum calcium caused
by T-tubular depolarization and a subsequent
regenerative release of activator calcium. The purpose
of this investigation was to consider the effects of
prenylamine on skeletal muscle with particular
attention focused on the cellular calcium
compartments with which prenylamine interacts. By
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studying several organic calcium antagonists, a
variety of pharmacological actions on skeletal muscle
may be revealed thereby providing additional clues to
the coupling process described above.

Methods

Sartorius muscles were dissected from pithed frogs
(Rana pipiens) during all seasons of the year. After
dissection, the muscles were equilibrated for 30—60
min at ambient temperature (22—-24°C) in oxygenated
Ringer solution (normal Ringer solution) containing
(mM): NaCl 110.8, KC1 2.0, CaCl, 1.8, NaH,PO, 0.1,
NaHCO, 2.02 and tris (hydroxymethyl)amino-
methane 0.5 buffer adjusted to pH 7.2. Calcium-free
Ringer was prepared without the addition of CaCl,.
Prenylamine lactate was dissolved in 100% ethanol to
prepare a stock solution of 0.2 M and diluted 1:200 to
1:4000 in Ringer solution to prepare the final con-
centrations. The final ethanol concentrations never
exceeded 0.5% (v/v). Control studies indicated that
this concentration had no effect on the electrically-
evoked muscle twitch. Solutions containing high con-
centrations of K* were prepared by an equimolar
substitution of K*-isethionic acid for the NaCl in the
Ringer solution or Ringer solution containing
prenylamine. In studies involving a second agent (i.e.,
dantrolene, procaine or caffeine), the test agent was
added directly to the Ringer solution before use, and if
necessary the pH was readjusted to 7.2 with HCI or
NaOH.

Electrical and mechanical response studies

The excised sartorius muscle was mounted
horizontally in an acrylic plastic bath under a tension
of approximately 2 grams. During the 30—60 min
equilibration period, the muscle was subjected to
direct twitch and tetanic stimulation. After the
equilibration period, the Ringer solution was changed
for one containing prenylamine. In studies involving
pretreatment with dantrolene or procaine, the muscle
was allowed to equilibrate with this agent for 30 min
before the addition of prenylamine. In all experiments
involving a second agent, paired sartorius muscles
were used.

Isometric mechanical responses due to electrical
stimulation or to contracture-inducing agents were
measured with a Universal transducing cell (UC-4:
Statham Inc.) with an attached load cell (Statham
Inc), amplified and displayed on a polygraph. The
areas under the tension curves were measured with
a compensating polar planimeter (Keuffel and Esser).
Supramaximal twitches (stimulus duration, 2.0 ms;
frequency, 1 pulse/20 s) or fused tetani (200 ms train;
duration 1 ms; frequency 500 Hz) were produced by
field stimulation as previously described (Ross &

Brust, 1968). (+)-Tubocurarine (70 uM) was added to
the Ringer solution to block responses to acetyl-
choline released by electrical stimulation of nerve
terminals.

The method for recording resting potentials and
action potentials has been described previously
(Kirsten & Kuperman, 1970a; Lustig & Kirsten,
1974). Sartorius muscles were mounted dorsal side
upward and at rest length in an acrylic plastic bath.
Transmembrane potentials were recorded by micro-
pipettes (10—20 MQ) filled with 3 M KCI and with tip
potentials less than 5 mV. The micropipettes were
coupled by a 3 M KCI bridge to a high impedance
amplifier with capacitance feedback compensation
(Bioelectric Inst., NF-1) and monitored on a storage
oscilloscope. Several control impalements were made
in each muscle before the Ringer solution was changed
for one containing prenylamine.

In some experiments, the extracellular action
potential and isometric twitch were recorded
simultaneously. In these experiments, electrical stimuli
(30—60 V) were provided by 0.15 ms pulses at a
frequency of 1 pulse/s through a bipolar electrode
(David Kopf Inst. SNEX-100). Stimuli were kept
submaximal so that only superficial fibres were
excited, preventing gross muscle movement which
would interfere with consistency in recording. Extra-
cellular action potentials were recorded differentially
through teflon-coated bipolar silver wire electrodes
(0.010 inch dia.), amplified by a bandpass amplifier
(Ortec Inc., 4660), displayed on an oscilloscope and
photographed.

Radioisotope studies

The methods used for determining the uptake and
efflux of 4Ca (New England Nuclear Corp.) from
sartorii were similar to those reported previously
(Kirsten & Kuperman, 1970a; Lustig & Kirsten,
1974). In studies measuring “’Ca uptake, one muscle
was exposed for 15 min to 4’Ca-Ringer (4 uCi/ml)
while its contralateral mate was exposed to 4Ca-
Ringer to which prenylamine (0.05 mM) was added.
After 4Ca exposure and blotting and rinsing with
Ringer solution, the muscles were transferred con-
secutively to seven test tubes, each containing 3 ml of
Ringer solution. The solutions bathing the muscle
were changed and collected at 2, 5, 10, 15, 30, 60 and
90 min to wash out the extracellular calcium. At the
conclusion of the washout period, the muscles were
dissolved in acid and the radioactivity of the residue
counted in a liquid scintillation spectrometer. After
correction for decay and quenching, the data were
expressed in terms of calcium influx. The 4*Ca space
(ml per g) of the muscles multiplied by the calcium
concentration of the Ringer solution (umol per ml)
determines the calcium uptake. The influx was
obtained by dividing the calcium uptake (umol per g)



by the estimated surface area of the fibres, reported as
300 cm?/g (Bianchi & Shanes, 1959). The data were
corrected for loss of +*Ca from the slow compartment
(Shanes & Bianchi, 1959) during the 90 min washout
by using a correction factor of 1.42 (Bianchi, 1961).

Further 4*Ca uptake measurements were performed
during K* depolarization. 4*Ca uptake was studied
from paired muscles exposed for 3 min to 4*Ca-Ringer
solution and then exposed for 2 min to **Ca-Ringer
substituted with 100 mM K+*-isethionic acid in the
presence (experimental) or absence (control) of
prenylamine (0.05 mM). Following exposure, the
residual 4Ca content was determined as described
previously.

Prenylamine-induced changes in the extracellular
space were determined by using [“Cl-sucrose
(4.3 mCi/mmol; New England Nuclear). After
equilibration in oxygenated Ringer solution, paired
sartorius muscles were transferred for a period of
30 min to Ringer solution (control) or Ringer solution
(experimental) to which prenylamine was added.
Directly following this treatment, the muscles were
exposed for 30 min to the same solutions containing
tracer amounts of ['“C]-sucrose. After a final
blotting, the muscles were weighed and dissolved
overnight in HC1. Samples of the tissue solvate were
counted for [**C]-sucrose as described above. Sucrose
space was calculated as the ratio of the counts per min
per g muscle (wet wt.) to counts per min per ml of the
[*4C]-sucrose Ringer solution.

The radiocalcium procedures employed for the
efflux data have been described previously (Kirster &
Kuperman, 1970a; Lustig & Kirsten, 1974). Paired
sartorius muscles with their tendons removed, were
loaded with “Ca by soaking for 3h at ambient
temperature in 4*Ca Ringer (4 uCi/ml). After loading,
the muscles were rinsed with 20 ml of Ringer solution
and gently blotted. The muscles were then placed in a
chamber containing 3 ml Ringer solution. This
collection fluid was changed for 3 ml of fresh solution
at 10 min intervals through the entire washout period.
At each 10 min interval, 1 ml of the total 3 ml washout
fluid was emptied into a polyethylene scintillation vial
and 15ml of a modified Bray’s scintillation fluor
added (Kirsten & Kuperman, 1970a). At certain times
during the washout period (to be indicated for each
experiment), a test agent was added to the collection
fluid. The muscle chambers were shaken during the
entire washout and at no time during the washout
period were the muscles removed from the chamber.

At the completion of 180 min of washout, the
muscles were removed from the chamber, lightly
blotted, and placed in silica crucibles. The muscles
were dissolved in HCl overnight and aliquots of the
tissue solvate were prepared for counting. The samples
obtained at each 10 min collection period and the
tissue solvate were counted in a liquid scintillation
spectrometer. After correction for decay and
quenching, the data for all experiments were expressed
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as rate coefficient curves. The rate coefficient,
expressed in units of percent per min, is defined as the
percentage of the average radioactivity in the muscle
during the time of collection that has emerged per min
of the collection period (Shanes & Bianchi, 1959). In
some experiments, a relative rate coefficient curve was
plotted. For these curves, the individual rate
coefficients determined between 120 and 150 min of
washout were averaged and taken as equal to 100%.

Comparisons between paired muscles were made
with the use of Student’s ¢ test for paired comparisons.
Differences were considered statistically significant at
P<0.05.

Drugs

Prenylamine lactate was kindly supplied by Hoechst
Pharmaceutical Co. and dantrolene by Eaton Labs of
the Norwich Pharmacal. Co. Caffeine base, disodium
edetate (Na,EDTA) and procaine hydrochloride were
obtained from Sigma Chem. Co. (+)-Tubocurarine
was purchased from Organon Inc and K*-isethionic
acid from Eastman Chemical (Rochester, N.Y.).

Results
Prenylamine-induced contracture

The response of frog sartorius muscle to high con-
centrations (0.2-1.0 mM) of prenylamine was
characterized by a biphasic contracture as shown in
Figure 1a. The peak tension produced during the
initial phasic and subsequent tonic contracture
(second phase) increased with prenylamine concentra-
tion. Relaxation rate was faster with higher con-
centrations and relaxation to resting levels occurred
with the drug still present in the bath. Figure 1b shows
a plot of the peak tension during the contracture vs.
the log of prenylamine concentration. The threshold
concentration for a measurable response was approx-
imately 0.1 mM. The area under the contracture
curves (Figure 1c) varied in the same manner as the
peak tension. The biphasic response due to 0.5 mm
prenylamine was similar in contracture area to that
produced by 100 mM K+ (Putney & Bianchi, 1974).

Factors modifying the prenylamine contracture

In an attempt to dissect the two phases of prenylamine
contracture, we compared control contractures in one
muscle with several pretreatment regimens for its
contralateral mate. Dantrolene, a peripherally acting
muscle relaxant (Snyder, Davis, Bickerton & Halliday,
1967), has recently been shown to be an effective
blocker of excitation-contraction coupling (Ellis &
Bryant, 1972; Putney & Bianchi, 1974).

Pretreatment with dantrolene, in a concentration
double (16.6 pM) that used by Putney & Bianchi
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Figure 1 Prenylamine contractures in skeletal

muscle. (a) Rate of isometric tension development in
frog sartorii exposed to prenylamine (arrow) in con-
centrations of: (i) 1.0 mm; (i) 0.5 mm; and (iii)
0.2 mMm. Prenylamine produces a biphasic response,
which is characterized by an initial phasic (first phase)
and a subsequent tonic contracture (second phase).
The tracings were recorded on a curvilinear recorder
and photographically superimposed. (b) Prenylamine
log dose-response curve describing the contracture of
sartorius muscles exposed to 0.2 mm, 0.5 mm and
1.0 mm prenylamine. The response is expressed as
peak tension developed during the first phase of
contracture. The number of muscles used for each
concentration is indicated and the standard error is
shown. (c) Plot of area under the prenylamine
contracture for the muscles exposed to prenylamine
at the concentrations shown. The number of muscles
used with each concentration is the same as in (b).

(1974), had no effect on prenylamine contracture
(n=6) compared with paired muscles treated with
dantrolene alone.

Procaine, in a concentration (3.67 mM) which
blocks both the contracture and associated 43Ca efflux
induced by caffeine (Feinstein, 1963) and quinine
(Suarez-Kurtz & Paumgartten, 1973), did not alter
contractures produced by prenylamine.

Prenylamine-induced contractures were also studied
in depolarized muscle. Potassium isethionate

=

T1.OmM Prenylamine

_Jes

10s

T1.0mM Prenylamine
+100mm K*

Figure 2 Effects of high K* on prenylamine con-
tractures. (a) Isometric recording of a prenylamine
contracture. (b) Contracture induced by prenylamine
following 5 min pretreatment with 100 mm K+ in the
paired muscle. Resting tension returned to control
levels before the addition of prenylamine in (b). High
K+* concentrations completely inhibit the first phase of
the prenylamine contracture.

(100 mM) was employed as the depolarizing agent in
order to minimize changes in cell volume and intra-
cellular ionic concentration. The effects of K+
pretreatment on prenylamine contractures are
illustrated in a typical experiment (Figure 2).
Treatment with 100 mM K* completely abolished the
first phase of the contracture but did not alter the
second phase. The results of six experiments are
summarized in Table 1. In contrast to the significant
(P<0.001) depression of the first phase of the
prenylamine contracture, neither the peak tension nor
the latency to peak tension of the second phase was
changed.

Effects on *Ca movement

Because of the firmly established role of calcium in
excitation-contraction coupling (for review, see Fuchs,
1974) and previous reports of a calcium-antagonistic
effect of prenylamine (Hasselbach, Balzer &
Makinose, 1968; Van der Kloot, 1973), we determined
the influence of prenylamine on 43Ca efflux and influx.
Efflux of calcium from frog sartorius muscle can be
considered as made up of two components (Shanes &
Bianchi, 1959). The fast calcium component
represents extracellular and loosely bound calcium;
the slow component is considered to reflect calcium
release from intracellular sites, presumably the sarco-
plasmic reticulum. In six experiments, prenylamine
(1.0 mM) added to the muscle chamber during the
slow phase of ’Ca washout, produced an increase in
the rate coefficient for “°Ca efflux as shown in
Figure 3. Prenylamine caused a sustained increase in
45Ca efflux from whole muscle, an effect similar to that
seen by the rigour-producing agents caffeine (Isaacson
& Sandow, 1967), quinine (Isaacson, Yamaji &
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Figure 3 Average change in rate coefficient of “5Ca
efflux produced by 1.0 mm prenylamine (O) compared
with paired untreated control muscles (®) in Ringer
solution. The control muscles were washed out in
Ringer solution for 180 minutes. The experimental
muscles were washed out in Ringer solution to which
1.0 mm prenylamine was added from 120 to 180
minutes. Notations at the top and bottom of the
graph refer to the upper (O) and lower (®) curves,
respectively. Each point is the mean of six (n=6)
separate experiments. The standard error is given for
the later portion of the curves.

Sandow, 1970) and N-ethylmaleimide (Kirsten &
Kuperman, 1970b). However, rigour development was
not observed with prenylamine.

The chelator EDTA is often employed to remove
external or superficial calcium from the sarcolemma,
thereby allowing the effect of an agent to be studied on
the release of activator calcium from the sarco-
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Figure 4 The effect of prenylamine on *®Ca release
from frog sartorius muscles. The data are plotted as
a relative rate coefficient (%), where 100% is the
average *5Ca efflux collected from 120 to 150 min of
washout. Prenylamine was added at 150 minutes.
Each point is the mean of three experiments (n=3)
and the concentrations of prenylamine used were
(mm): 1.0 (A); 0.5 (@); 0.2 (O) and 0.05 (A). No
significant change (P>0.2) was observed for the
muscles treated with 0.05 mMm prenylamine and the
control (M) muscles.

plasmic reticulum. Previous studies (Bianchi, 1965)
have demonstrated that EDTA does not penetrate into
the muscle fibre and hence cannot chelate
sarcoplasmic reticulum calcium. After 30 min
pretreatment with EDTA, prenylamine still produced
a doubling in the 4Ca released at the 120 min (i.e.,
preprenylamine) level. This increased “’Ca efflux
following EDTA was similar to that observed with
rigour producing agents.

Release of 4°Ca was examined for four con-

Effects of 100 mm K* on contractures due to 1.0 mm prenylamine*

Table 1
Controlt
Peak tension 3.13+0.36
First phase (g)
Peak tension 3.38+0.35
Second phase (g)
Latency to peak 66.7+12.3

Second phase (s)

Experimentali C-E Significance
0.00 3.13 P<0.001
2.569+0.24 0.79 NS
61.0+5.22 5.70 NS

* All values obtained for six pairs of sartorii and reported as mean t s.e. t Control contractures produced by
1.0 mm prenylamine. i Experimental muscles were pretreated for 5 min with 100 mm K+ before adding

1.0 mMm prenylamine.
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Figure 5 Transmembrane potential of surface
fibres before and after the addition of prenylamine at
0.05 (A); 0.2 (@) and 1.0 (O) mMm. The average control
resting potential is given at zero time. The values
shown are pooled averages (ts.e.) of £2.5 min from
the time indicated. Each point is the average of 25 or
more impalements (n=25) made on three muscles.
At concentrations of 0.2mm and 1.0mm,
prenylamine causes membrane depolarization. At
lower concentrations, prenylamine (0.05 mm)
produces neither depolarization nor contracture.

centrations of prenylamine. We found that all con-
centrations of prenylamine which caused contracture
also produced “Ca release (Figufe 4). Low con-
centrations of prenylamine (i.e., 0.05 mM) produced
neither 4*Ca release (P>0.2, as compared with
controls) nor contracture.

Several investigators have suggested that the
sustained calcium release produced by rigour-inducing
concentrations of caffeine was attributable to
progressive disruption of the transverse tubules and
myofilaments (Huddart & Oates, 1970; Isaacson &
Barany, 1973; Lustig & Kirsten, 1974). In order to
determine if the prolonged calcium release induced by
prenylamine (0.2-1.0 mM) was secondary to a
disruption of the sarcolemma and intracellular
membrane system, we measured [**C]-sucrose space
in untreated and prenylamine-treated sartorius
muscles. Using [“Cl-sucrose as a non-penetrating,
non-electrolyte extracellular marker (Bozler, 1961),
the average (+s.e.) sucrose space for sixteen muscles
(n=16) was 0.26+0.01 ml/gram. No significant
change (P>0.2) in ['*C]-sucrose space was observed
after 30 min treatment with 0.05mM prenylamine
(0.27+0.01 ml/g, n=6) although a significant
(P<0.001) increase in [C]-sucrose space was seen
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Figure 6 Typical depression of muscle action
potential (O) and twitch (®) by 0.05 mm prenylamine.
Inhibition of the extracellularly recorded action
potential follows a time course similar to that
observed for the electrically evoked muscle twitch. At
5 min, the Ringer solution was restored, although
recovery was not observed. Stimulation frequency: 1
pulse/20 seconds. Higher concentrations of
prenylamine produce more rapid depression of the
muscle action potential and twitch.

after 1.0 mM prenylamine (0.53 +0.02 mi/g, n=10).
This marked increase in sucrose space may reflect a
prenylamine-induced disruption of the muscle
membrane at contracture producing concentrations.

In subsequent studies, we examined the effect of
prenylamine (0.05 mM) on the **Ca influx in resting
muscles. Experimental muscles, pretreated with
prenylamine before measurement of the 4*Ca influx
(0.075+0.008 pmol Ca cm=? s7!), exhibited no
significant difference from the control 4Ca influx
(0.074 +0.013 pmol Ca cm~2 s~!) measured in Ringer
solution.

Membrane electrical properties

As the first phase of the prenylamine contracture
could be blocked by pretreatment with K*, studies
were performed to determine the transmembrane
potential at three concentrations of prenylamine. At
0.2 or 1.0 mM, prenylamine caused a marked decrease
in the resting potential of frog sartorius muscle
(Figure 5). Resting membrane potential was not
restored after extensive washing of the preparation.
No significant change in resting potential was



observed after non-contracture producing con-
centrations (0.05 mM) of prenylamine.

Although 0.05 mM prenylamine did not depolarize
sartorius muscle, it did produce a simultaneous
depression of the electrically-evoked muscle twitch
and extracellular action potential as illustrated in
Figure 6. Recovery was not evident when the
preparation was returned to normal Ringer solution.

Potassium and caffeine contractures

High K* and caffeine elicit muscle contracture by
different mechanisms: high K+ by causing membrane
depolarization possibly through a ‘trigger’ calcium
mechanism (Bianchi & Bolton, 1967) and caffeine by
releasing bound calcium from the sarcotubular system
(Isaacson & Sandow, 1967). With this in mind, studies
were performed to determine the response of sartorius
muscle to high K* or caffeine following treatment with
0.05 mM prenylamine. As shown in Table 2,
prenylamine (0.05 mM) significantly reduced K+
contracture tension (and ratio of peak tension to
tetanus tension) and the 4Ca uptake produced by 100
mM K*. In contrast, this low concentration of
prenylamine had no significant effect on the rigour
tension produced by 10mM caffeine. Hence,
prenylamine in the appropriate concentration had
some selectivity in antagonizing K* but not caffeine-
induced contractures.

Discussion

The effects of prenylamine in a variety of systems can
be explained as a direct or indirect consequence of an
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action on membrane calcium conductance (Flecken-
stein et al., 1969; Singh & Vaughan-Williams, 1972;
Haas et al., 1975). The possibility of prenylamine
altering calcium mobility in skeletal muscle is,
therefore, of considerable interest. At high con-
centrations (0.2-1.0 mM) prenylamine causes two
phases of muscle contracture. The initial phasic
contracture can be completely abolished by
pretreating the muscle with K+. Hence, the phasic
aspect of the prenylamine contracture can be
explained as a consequence of drug-induced de-
polarization of the sarcolemma and resultant
increase in free calcium in the myoplasm.

A separate and distinct mechanism of action is
responsible for the second, tonic contracture phase.
The lack of effectiveness of either procaine (Inoue &
Frank, 1962) or dantrolene (Putney & Bianchi, 1974)
in antagonizing the prenylamine-induced tonic
contracture would suggest that it is not mediated by
an action on the sarcolemma or through activation of
a ‘trigger calcium’ link (Bianchi & Bolton, 1967) in the
excitation-contraction coupling process, respectively.
An important clue to the effect of prenylamine in
producing the second phase tonic contracture is that
prenylamine causes a dose-related increase in “*Ca
efflux from whole muscle. This *Ca release is only
observed at prenylamine dose levels which produce
contracture and hence is similar to the 4Ca release
reported for rigour producing agents (Isaacson &
Sandow, 1967; Isaacson et al., 1970; Kirsten &
Kuperman, 1970b). As found by Hasselbach et al.
(1968), prenylamine inhibits the active uptake of
calcium in preparations of isolated sarcoplasmic
reticulum vesicles. Presumably, the 45Ca release and
the tonic contracture reflects a dose-dependent action

Table2 Effects of 0.05 mM prenylamine on “®Ca uptake and contractures induced by 100 mm K+ or 10 mm

caffeine*
Control Experimentalt C-E Significance
100 mm K+
Peak tension (g) 8.56+0.58 4.28+0.74 428 P<0.001
_Peak tension 0.196+0.01 0.092 +0.01 0.104 P <0.001
Tetanus tension
100 mm K+
45Ca uptake ( “"‘;' ) 6.13+0.54 4.10+0.38 2.03 P<0.01
10 mm Caffeine
Peak tension (g) 23.9+2.14 23.1+2.13 0.8 NS
Peak tension 0.48+0.04 0.47+0.05 0.01 NS

Tetanus tension

* Contracture studies obtained on eight pairs of sartorii. “Ca uptake studies obtained on eleven pairs of
muscles. All data are shown as mean +s.e. t Experimental muscles were pretreated for 30 min with 0.05 mm

prenylamine.
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of prenylamine on the sarcoplasmic reticulum. The
increase in [!C]-sucrose space observed after
exposure to 1.0 mM prenylamine may reflect a drug-
induced disruption of subcellular structures at high
concentrations as previously shown for caffeine
(Huddart & Oates, 1970; Isaacson & Barany, 1973).

In frog skeletal muscle, prenylamine induces a
decrease in resting membrane potential, presumably
due to an increased permeability to Na*. Other studies
with crayfish muscle (Van der Kloot, 1973) and frog
skeletal muscle (Van der Kloot, Kita & Kita, 1975)
indicated that prenylamine had no effects on trans-
membrane potential. The studies from Van der Kloot’s
laboratory on skeletal muscle were done at low con-
centrations (0.1 mM) and, hence, are similar to the
results we obtained with 0.05 mM prenylamine. Unlike
the decline in resting potential seen in this study with
high concentrations of prenylamine, crustacean
muscle is not depolarized. However, prenylamine
(1.0 mM) does appear to block the calcium-dependent
action potentials in this species (Van der Kloot, 1973).

In contrast to the rather diffuse actions observed at
high concentrations, exposure of skeletal muscle to
0.05 mM prenylamine does not affect contracture,
membrane potential, *Ca efflux or 4°Ca influx. The
observed simultaneous depression of the action
potential and twitch by prenylamine suggest a
depressed excitability of the sarcolemma. This action
of prenylamine is comparable to the local anaesthetic
action (Lindner, 1960) and decrease in K+ and Nat
conductance (Van der Kloot, 1975) reported earlier.
Verapamil, a papaverine derivative which reportedly

References

BAKER, P.F., MEVES, H. & RIDGWAY, E.B. (1973). Effects
of manganese and other agents on the calcium uptake
that follows depolarization of squid axons. J. Physiol.,
Lond., 231, 511-526.

BIANCHI, C.P. (1961). The effect of caffeine on radio-
calcium movement in frog sartorius. J. gen. Physiol.,
44, 845-858.

BIANCHI, C.P. (1965). The effect of EDTA and SCN on
radiocalcium movement in frog rectus abdominis muscle
during contractures induced by calcium removal. J.
Pharmac. exp. Ther., 147, 360-370.

BIANCHI, C.P. & BOLTON, T.C. (1967). Action of local
anesthetics on coupling systems in muscle. J. Pharmac.
exp. Ther., 157, 388—-405.

BIANCHI, C.P. & SHANES, A.M. (1959). Calcium influx in
skeletal muscle at rest, during activity, and during
potassium contracture. J. gen. Physiol., 42, 803-815.

BOZLER, E. (1961). Distribution of nonelectrolytes in
muscle. Am. J. Physiol., 200, 651-655.

BONDI, A.Y. KIRSTEN, E.B. & HOFMANN, F.G. (1974).
Effects of verapamil in frog skeletal muscle. Fedn Proc.,
33,579.

also interferes with calcium mobilization and
utilization (Fleckenstein, Griin, Tritthart & Byron,
1971) has also been shown to inhibit Nat currents in
heart muscle (Shigenobu, Schneider & Sperelakis,
1974; Haas et al., 1975) and have local anaesthetic
properties (Singh & Vaughan-Williams, 1972; Bondi
et al., 1974; Van der Kloot & Kita, 1975). Hence, the
calcium selectivity of these agents is lacking.

At 0.05 mM prenylamine exerts two kinds of effects
on K*-induced contractures: (1) it reduces contracture
amplitude, and (2) it reduces the 4Ca uptake
associated with the K* contracture. It is likely that
these effects are exerted on a membrane site rather
than a deeper structure as the caffeine-induced release
of activator calcium from the sarcoplasmic reticulum
(Isaacson & Sandow, 1967) was not altered by
prenylamine. While it is well known that K*
contractures are dependent upon extracellular calcium
(Liittgau, 1963) it would be difficult to argue for a
selective action of prenylamine on membrane calcium.
More probably, prenylamine, besides altering calcium
fluxes, also interferes with Na+ and K+ fluxes at one or
more sites in the excitation-contraction coupling
process.

This investigation was supported by grant HL-12738-07
from the National Heart and Lung Institute and Career
Development Award (to E.B.K.) KO4-GM-70179 from the
National Institute of General Medical Sciences. The authors
wish to thank Hoechst Pharmaceuticals Inc. for a gift of
prenylamine lactate and Norwich Pharmacal Co. for a
supply of dantrolene.

CRANEFIELD, P.F., ARONSON, R.S. & WIT, A.L. (1974).
Effect of verapamil on the normal action potential and
on a calcium-dependent slow response of canine cardiac
Purkinje fibers. Circulation Res., 34, 204—213.

ELLIS, K.O. & BRYANT, S.H. (1972). Excitation-contraction
uncoupling in skeletal muscle by dantrolene-sodium.
Naunyn-Schmiedebergs Arch. Pharmac., 274, 107-109.

FEINSTEIN, M.B. (1963). Inhibition of caffeine rigor and
radiocalcium movements by local anesthetics in frog
sartorius muscle. J. gen. Physiol., 47, 151-172.

FLECKENSTEIN, A., TRITTHART, H., FLECKENSTEIN, B.,
HERBST, A. & GRUN, G. (1969). A new group of
competitive Ca antagonists (Iproveratril, D 600,
Prenylamine) with highly potent inhibitory effects on
excitation-contraction coupling in mammalian
myocardium. Pflugers Arch., 307, 25.

FLECKENSTEIN, A., GRUN, G., TRITTHART, H. & BYRON,
K. (1971). Uterus-Relaxation durch hochaktive Ca*t+-
antagonistische Hemmstoffe der elektro-mechanischen
Koppelung wie Isoptin (Verapamil, Iproveratril),
Substance D 600 und Segontin (prenylamine). Klin.
Wschr., 49, 32-41.



FUCHS, F. (1974). Striated muscle. Ann. Rev. Physiol., 36,
461-502.

HAAS, H.G., KERN, R., BENNINGER, C. & EINWACHTER,
HM. (1975). Effects of prenylamine on cardiac
membrane currents and contractility. J. Pharmac. exp.
Ther., 192, 688-701.

HAEUSLER, G. (1972). Differential effect of verapamil on
excitation-contraction coupling in smooth muscle and on
excitation secretion coupling in adrenergic nerve
terminals. J. Pharmac. exp. Ther., 180, 672—682.

HASSELBACH, W., BALZER, H. & MAKINOSE, M. (1968).
The inhibition of the sarcoplasmic calcium pump by
prenylamine, reserpine, chlorpromazine and imipramine.
Biochim. Appl., 14, suppl. 1,297-304.

HUDDART, H. & OATES, K. (1970). Localization of the
intracellular site of action of caffeine on skeletal muscle.
Comp. Biochem. Physiol., 36, 677—682.

INOUE, F. & FRANK, G.B. (1962). Action of procaine on
frog skeletal muscle. J. Pharmac. exp. Ther., 136
190-196.

ISAACSON, A. & BARANY, M. (1973). Effects of caffeine on
water content, sucrose space and 3-O-methyl glucose
uptake of frog semitendinosus muscle. Fedn Proc., 32,
346.

ISAACSON, A. & SANDOW, A. (1967). Quinine and caffeine
effects on **Ca movements in frog sartorius muscle. J.
gen. Physiol., 50,2109-2128.

ISAACSON, A., YAMAIJL K. & SANDOW, A. (1970). Quinine
contractures and “*Ca movements of frog sartorius
muscles as affected by pH. J. Pharmac. exp. Ther., 171,
26-31.

KIRSTEN, E.B. & KUPERMAN, A.S. (1970a). Effects of
sulphydryl inhibitors on frog sartorius muscle. 1. p-
chloromercuribenzoic acid and p-chloromercuri-
benzenesulfonic acid. Br. J. Pharmac., 40, 814—826.

KIRSTEN, E.B. & KUPERMAN, A.S. (1970b). Effects of
sulphydryl inhibitors on frog sartorius muscle. II. N-
ethylmaleimide. Br. J. Pharmac., 40, 827-835.

KOHLHARDT, M., BAUER, B., KRAUSE, H. &
FLECKENSTEIN, A. (1972). Differentiation of the trans-
membrane Na and Ca channels in mammalian cardiac
fibers by the use of specific inhibitors. Pflugers Arch.,
335,309-322.

LINDNER, E. (1960). Phenyl-propyl-diphenyl-propyl-amin,
eine neue Substanz mit coronargefdsserweiternder
Wirkung. Arzneimittel-Forsch., 10, 573-576.

LUSTIG, K.C. & KIRSTEN, E.B. (1974). The site of action of
AHR-2666 in frog sartorius muscle. J. Pharmac. exp.
Ther., 191, 156-163.

LUTTGAU, H.G. (1963). The action of calcium ions on
potassium contractures of single muscle fibres. J.
Physiol., Lond., 168, 679-697.

PODOLSKY, R.J. (1975). Muscle activation: the current
status. Fedn Proc., 34, 1374—1378.

PUTNEY, J.W. & BIANCHI, C.P. (1974). Site of action of
dantrolene in frog sartorius muscle. J. Pharmac. exp.
Ther., 189, 202-212.

ROSEN, M.R,, ILVENTO, J.P., GELBAND, H. & MERKER, C.
(1974). Effects of verapamil on electrophysiologic
properties of canine cardiac Purkinje fibers. J. Pharmac.
exp. Ther., 189, 414—422.

PRENYLAMINE ON SKELETAL MUSCLE 105

ROSEN, M.R., WIT, A.L. & HOFFMAN, B.F. (1975). Electro-
physiology and pharmacology of cardiac arrythmias. VI.
Cardiac effects of verapamil. Am. Heart J., 89, 665—673.

ROSS, S.M. & BRUST, M. (1968). A transistorized high-
current, long-pulse amplifier for massive stimulation of
isolated skeletal muscle. J. appl. Physiol., 24, 583—584.

SANDOW, A. (1973). Electromechanical transforms and the
mechanism of excitation-contraction coupling. J.
Mechanochem. Cell. Motility, 2, 193-207.

SANDOW, A., KRISHNA, M., PAGALA, D. & SPHICAS, E.C.
(1975). Excitation-contraction coupling: effects of
“zero”-Ca?* medium. Biochim. biophys. Acta, 404,
157-163.

SHANES, A.M. & BIANCHI, C.P. (1959). The distribution
and kinetics of release of radiocalcium in tendon and
skeletal muscle. J. gen. Physiol., 42, 1123-1137.

SHIGENOBU, K., SCHNEIDER, J.A. & SPERELAKIS, N.
(1974). Verapamil blockade of slow Nat* and Cat+
responses in myocardial cells. J. Pharmac. exp. Ther.,
190, 280-288.

SINGH, B.N. & VAUGHAN-WILLIAMS, EM. (1972). A
fourth class of antidysrhythmic action? Effect of
verapamil on ouabain toxicity, on atrial and ventricular
intracellular potentials, and on other features of cardiac
function. Cardiovasc. Res., 6, 109—-119.

SNYDER, H.R., DAVIS, C.S., BICKERTON, R.K. &
HALLIDAY, R.P. (1967). 1-{(5-Arylfurfurylidene)-
amino} hydantoins. A new class of muscle relaxants. J.
med. Chem., 10, 807-810.

SUAREZ-KURTZ, G. & PAUMGARTTEN, F.J.R. (1973).
Blockade of quinine-induced contracture and “Ca
efflux by procaine and tetracaine in frog sartorius
muscle. J. Pharmac. exp. Ther., 186, 562—569.

VAN DER KLOOT, W. (1973). The effects of the “Calcium-
Antagonist” prenylamine, on the action potential of
crayfish muscle (Oronectes virilis). Experientia, 29,
975-976.

VAN DER KLOOT, W. & KITA, H. (1975). The effects of the
“Calcium-Antagonist” verapamil on muscle action
potentials in the frog and crayfish and on neuro-
muscular transmission in the crayfish. Comp. Biochem.
Physiol., 50C, 121-125.

VAN DER KLOOT, W., KITA, H. & KITA, K. (1975). Action
of the “Calcium-Antagonist” prenylamine, on skeletal
muscle, the myoneural junction, and the adrenal of the
frog. Gen. Pharmac., 6, 63—67.

WEBER, A. & MURRAY, JM. (1973). Molecular control
mechanisms in muscle contraction. Physiol. Rev., 53,
613-673.

WINEGRAD, S. (1970). The intracellular site of calcium
activation of contraction in frog skeletal muscle. J. gen.
Physiol., 55, 77-88.

WIT, A.L. & CRANEFIELD, P.F. (1974). Effect of verapamil
on the sinoatrial and atrioventricular nodes of the rabbit
and the mechanism by which it arrests reentrant atrio-
ventricular nodal tachycardia. Circulation Res., 35,
413-425.

(Received September 27, 1976.
Revised December 6, 1976.)



