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Inhibitory effects of (4 )-propranolol on excitation-contraction

coupling in isolated soleus muscles of the rat

Tuyen N.V. Ha & '"Martin W. Fryer

School of Physiology and Pharmacology, University of New South Wales, Sydney, New South Wales, 2052, Australia

1 The effect of a f-adrenoceptor antagonist, propranolol, was investigated on excitation-contraction
coupling in small, intact bundles of soleus muscle fibres from the rat.

2 (+)-Propranolol significantly inhibited twitch and tetanic tension with ICs, values of 6.7 uM and
3.5 uM, respectively.

3 (+)-Propranolol (which has 100 times less -blocking activity than the (+) form) was approximately
one third as effective as the (+) form at inhibiting isometric tension.

4 (+)-Propranolol (20 um) had no significant effect on the amplitude of caffeine contractures,
suggesting that it did not directly inhibit Ca®>" release from the sarcoplasmic reticulum.

5 The resting membrane potential measured after 15 min perfusion with 20 uM (= )-propranolol was
not significantly different from control. However, this concentration of (& )-propranolol significantly
reduced both the peak amplitude and the maximum rate of rise of the action potential. Both effects were
only partially reversible after extensive washing.

6 (+)-Propranolol perfusion caused a modest reduction in the amplitude of sub-maximal K™
contractures at concentrations (5 uM) that markedly depressed tetanic tension.

7 The results indicate that (+)-propranolol can decrease isometric tension independently of f-receptor
occupation by (i) reducing the amplitude and rate of rise of the action potential and (ii) by directly
inhibiting excitation-contraction coupling. The relatively low ICs, for the ‘membrane-stabilizing’ action
of propranolol on tetanic tension (3.5 uM), combined with the ability of the drug to accumulate
gradually in biological membranes, may contribute to a peripheral component of the tremorolytic and
fatigue-inducing actions of propranolol on skeletal muscle.
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Introduction

Propranolol is a lipophilic, non-selective f-adrenoceptor an-
tagonist that has been used for the management of hyperten-
sion, angina pectoris and cardiac arrhythmias, and has also
proven to be highly effective in the treatment of various types
of skeletal muscle tremor (Cleeves & Findley, 1984). At ther-
apeutic plasma concentrations (0.1 to 3 uM; Benet et al., 1996)
propranolol acts primarily by blocking f-adrenoceptors in the
central nervous system and the periphery. However, receptor-
independent actions of the drug may occur in both cardiac
(Morales-Aguilera & Vaughan-Williams, 1965) and skeletal
muscles (Oota & Nagai, 1977; Chiarandini, 1980) at higher
concentrations.

At high concentrations (10 to 1000 uM) it has been sug-
gested that propranolol directly inhibits skeletal muscle con-
traction by affecting the nicotinic cholinoceptors (Chiarandini,
1980), the action potential and excitation-contraction coupling
steps (Oota & Nagai, 1977), the sarcoplasmic reticulum (SR)
Ca*" uptake pump (Noack ef al., 1978; Su & Malencik, 1985),
and the ryanodine receptor/SR Ca>" release channel (Zchut et
al., 1996). It has been difficult to assess the exact contribution
of any one site of action to the depression of contraction seen
in intact skeletal muscles, because these studies have used
widely varying types of muscle, differing degrees of muscle
integrity and different propranolol concentration ranges.

In preliminary studies we noted that (4 )-propranolol can
significantly inhibit tetanic tension in intact bundles of rat
soleus muscle fibres at somewhat lower concentrations (1 to
10 uM) than those used previously (Ha & Fryer, 1995; 1996).
The present study was therefore designed to determine the
mechanism of action of propranolol in rat soleus fibres by
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systematically investigating its effect on some of the key sites
involved in excitation-contraction coupling.

Methods

Male Wistar Rats (200-300 g) were killed by halothane
overdose. The soleus muscle was quickly removed and a small
rectangular bundle of 10 to 50 fibres dissected free. The muscle
bundle was then transferred to a small, temperature controlled
(23+0.2°C) bath where it was perfused at 1.4 ml min~! with
normal Krebs-bicarbonate solution (equilibrated with 95% O,,
5% CO, to pH 7.4) and stimulated directly (0.5 ms duration at
supramaximal voltage) by platinum electrodes set 5 mm apart.
Muscle length was adjusted to give maximum twitch tension.
The preparation was then allowed to equilibrate for at least 1 h
before the start of the experiment. Tension was measured
isometrically by means of a loaded cell tension transducer
(BG-10, Kulite, U.K.) and was simultaneously recorded on
both chart paper and on a computer through a data acquisi-
tion programme (Voltsamp, University of New South Wales,
Australia). Twitches were typically elicited at 0.033 Hz, while
tetani were produced by 2 s of stimulation at 40 to 50 Hz.

Concentration-response curves

Only a single concentration of either (4 )-propranolol or (+)-
propranolol was applied to the muscle bundle in each experi-
ment. The effect of this fixed concentration of propranolol on
isometric tension was recorded after 30 min equilibration with
the drug and was compared with pre-drug controls. Cumula-
tive concentration-response experiments were not done be-
cause the time course of the effects of propranolol was very
slow (particularly at concentrations < 10 uM; Figure 1), prob-
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ably due to its slow accumulation in membranous compart-
ments (Hellenbrecht ez al., 1973).

Electrophysiological recordings

Intracellular recordings of the resting membrane potential and
action potential were made in superficial fibres of whole soleus
muscles. Microelectrodes were filled with 3 M KCl and had
resistances of 10—20 MQ.

The resting membrane potential (RMP) was recorded from
a population of 10 to 15 individual fibres in each muscle during
normal Krebs perfusion (control) and after 15 min perfusion
with 20 uM propranolol. Recordings under control conditions
were accepted if (i) the RMP was more negative than —60 mV
and (ii) the RMP changed by <2 mV during the first 2 min
following impalement.

Action potentials were recorded by an intracellular elec-
trode placed 3 to 5 mm away from a fire-polished extracellular
stimulating electrode. Extracellular stimuli of 20 us duration
(10—-20 V) were provided by an isolated stimulator (Model
DS2, Digitimer, U.K.). The resulting action potentials were
recorded on a digital storage oscilloscope (TDS 310, Tektro-
nix, OR, U.S.A.) and analysed by use of associated software.
Control recordings were accepted if (i) the RMP criteria de-
scribed above were fulfilled and (ii) a second action potential
elicited 5 min after the first had not changed in amplitude or
shape. Further recordings were made 15 min after perfusion
with 20 uM propranolol and then 30 to 60 min after washing
the preparation in drug-free Krebs.

Caffeine contractures

Caffeine contractures were elicited at 30 min intervals by rapid
perfusion (2.4 ml min~') with a Krebs solution containing
7 mM caffeine. These contractures typically took 4 to 6 min to
reach a plateau, at which point the muscle bundle was perfused
with caffeine-free Krebs in order to allow relaxation (Figure 4).
The muscle was not stimulated electrically in the interval be-
tween caffeine contractures.

K™ contractures

K *contractures were obtained by rapid perfusion of the
muscle bundle with modified Krebs solutions containing either
60 mM or 124 mMm total K*. After each K contracture the
muscle was stimulated at 0.033 Hz to assess the time course of
recovery of the isometric twitch. When twitch recovery was
complete (typically 45 to 60 min) electrical stimulation was
ceased and the next K™ contracture was elicited. Two control
K™ contractures were usually obtained, followed by another
after 30 min equilibration in (+)-propranolol and a final
contracture after 60 min of perfusion in drug-free Krebs. It
should be noted that these K™ contractures were considerably
slower and smaller than those previously obtained in the same
preparation (Dulhunty & Gage, 1985), because the concen-
tration of extracellular chloride ions was not lowered in the
present experiments.

Data analysis

The isometric twitch response was analysed by measuring the
peak amplitude, the 20 to 80% rise time and the 80 to 20%
relaxation time. The peak amplitude, the 20 to 60% rise time
and the 80 to 20% relaxation time following the last stimulus
pulse were measured for isometric tetani. Effects of propra-
nolol on these parameters were expressed as the percentage
change from the control response i.e. ((value after proprano-
lol —control value)/control value x 100%).
Concentration-response  curves were computer-fitted
(GraphPad Prism v 2.0 software, San Diego, U.S.A.) to the
mean concentration-response data by least squares regression
analysis by use of a modified form of the Hill equation. Both
the Hill coefficient (ny) and the concentration of propranolol

inhibiting 50% of the maximum response (ICs,) were calcula-
ted from these curves.

The amplitude of a caffeine or potassium contracture in the
presence of (+)-propranolol (designated C2) was assessed re-
lative to the amplitude of the contractures recorded immedi-
ately before propranolol perfusion (C1) and that following
washout of propranolol (C3). Control experiments revealed
that the amplitude of contractures C1 through C3 rarely stayed
constant, but instead tended to run-up or run-down at a
constant rate. Thus, the calculated control value for C2 was
calculated as the mean of the peak responses in C1 and C3.

Values presented in the text are expressed as the mean +
s.e.mean from n preparations. Statistical significance between
means was assessed by Student’s ¢ test for unpaired and paired
data where appropriate. P values <0.05 were considered sig-
nificant.

Solutions and drugs

The Krebs-bicarbonate solution contained (mMm): NaCl 118,
KCl 4.7, KH,PO, 1.2, MgSO, 0.6, NaHCO; 25, glucose 11,
CaCl, 2.5 and (+)-tubocurarine 0.015. High K™ solutions
containing 60 and 124 mMm total K" were obtained by repla-
cing NaCl with KCI on an equimolar basis.

Di-sodium ethylenediaminetetraacetic acid 50 uM was rou-
tinely added to all solutions in order to retard propranolol
oxidation. Caffeine, (+)-propranolol HCl and (+)-propra-
nolol HCl were each dissolved into the Krebs-bicarbonate
solution and the pH adjusted to 7.4. All drugs were obtained
from Sigma Australia except for (+)-propranolol HCI, which
was obtained from RBI Chemical Co. (U.S.A.).

Results

Effects of ( + )-propranolol on twitch and tetanic tension

Figure 1 summarizes the mean data from 43 experiments il-
lustrating the time- and concentration-dependence of the in-
hibition of twitch tension by (+)-propranolol. At lower
concentrations (0.1 -3 uM) the drug produced a very slow in-
hibition of peak twitch tension, an effect that had still not
reached steady-state after 30 min. Higher concentrations of
(£)-propranolol (10—200 uM) produced a faster inhibition of
twitch tension that appeared to reach steady-state within the
same time period. At a fixed time interval of 30 min after ap-
plication of the drug, twitch tension was significantly less than
equivalent controls at all concentrations>0.1 um. This effect
was slowly and only partially reversible after extensive washing
of the preparation in drug-free Krebs, as shown by the re-
covery of twitch tension to only 60 to 70% of the control
amplitude after a 60 min wash (not shown). For this reason
only a single concentration of propranolol was applied to a
muscle bundle in each experiment.

Representative traces of the effect of (+)-propranolol on
isometric twitch and tetanic responses are shown in Figures 2a
and 3a, respectively, while effects on rise and decay kinetics in
the 0.1 to 10 uM range are summarized in Table 1. (+)-Pro-
pranolol started to have considerable effects on both peak
amplitude and contraction-relaxation kinetics in the 1 to
10 uM range. The rise time of both twitch and tetanic tension
was significantly shortened at (+)-propranolol concentra-
tions>3 uM, as was the decay time of the twitch (P<0.05;
Table 1). However, tetanic relaxation was markedly slowed at
these concentrations, as indicated by the large increase in the
80 to 20% decay time (Table 1). Concentration-response
curves were constructed for the effect of (+)-propranolol on
tension amplitude after a fixed time period of 30 min (Figures
2b and 3b). Curves fitted to the mean data (n=3 to 8 for each
concentration point) yielded the following parameters for
twitches (Figure 2b, solid symbols) and tetani (Figure 3b, solid
symbols), respectively: ICso: 6.7+ 1.2 uM and 3.5+ 1.1 uM; ny:
1.1940.22 and 0.96+0.11; % 0.993 and 0.997.
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Figure 1 Concentration- and time-dependence of (+)-propranolol effects on twitch amplitude of rat soleus muscle bundles
stimulated at 0.033 Hz. Data points represent the mean from 3 to 8 observations at each concentration; vertical lines show s.e.mean.
Significant difference from control at 30 min, *P<0.01, **P<0.001.
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Figure 2 (a) Typical effects of (4 )-propranolol on isometric twitches
in three separate preparations. Traces were recorded before and after
30 min perfusion with the drug. (b) Concentration-response curves
for inhibition of peak twitch tension by (+)-propranolol and (+)-
propranolol. Each point represents the mean response for 3 to 8
muscles; vertical lines show s.e.mean. *P<0.05 compared to 10 um
(+)-propranolol.

Effects of (+ )-propranolol on twitch and tetanic tension
The possibility that (+)-propranolol was acting independently

of p-adrenoceptor blockade was probed in a further set of
experiments in which (+)-propranolol was used. (+)-Pro-

pranolol has 60—100 times less f-blocking activity (Howe &
Shanks, 1966) but approximately the same membrane stabi-
lizing properties as the (+) form in cardiac muscle (Coltart &
Meldrum, 1971).

Sigmoidal curves were fitted to the mean data for the effect
of (+)-propranolol on both peak twitch (Figure 2b, open
symbols) and tetanic tension (Figure 3b, open symbols) in
order to facilitate comparison with the effects of the racemate.
The estimated ICs, values from the fitted curves for (+)-pro-
pranolol (twitch: 16.8+1.0 uM; tetanus: 10.2+1.3 uM) were
approximately 2.5 to 3 fold higher than those calculated for
(+)-propranolol. At a fixed concentration of 10 um, (+)-
propranolol had a significantly weaker inhibitory effect on
peak tension than (+)-propranolol for both twitches (P <0.05,
9 d.f) and tetani (P<0.01, 9 4.f).

Effects of (£ )-propranolol on caffeine-induced
contractures

One possible explanation for the results above is that pro-
pranolol (which is highly lipid soluble) crosses the surface
membrane and directly inhibits the release of Ca®>" from the
sarcoplasmic reticulum (SR). To test this possibility, we in-
vestigated the effect of (4)-propranolol on caffeine contrac-
tures (Figure 4).

Caffeine (7 mM) typically induced contractures that were
15-20% of maximal tetanic tension. After 30 min perfusion
with Krebs solution containing 20 uM (= )-propranolol, the
amplitude of caffeine contractures was increased by 25+ 11%
when compared with the interpolated control (n=35,
P=0.10).

Effects of (+ )-propranolol on K* contractures

Results from the caffeine experiments suggested that (+)-
propranolol was acting at a step in EC coupling before SR
Ca’" release. The effect of (+)-propranolol was next tested on
K™ contractures, which result from a depolarization-induced
release of Ca>" from the SR that is independent of the action
potential.

Perfusion of soleus muscle bundles with a modified Krebs
solution containing 60 mM total K™ yielded contractures
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that were 2.2+1.6% of maximum tetanic tension (T,,.,) and
had a time to peak of 59+4 s (n=10). These contractures
were recorded on the chart recorder at 10 times higher gain
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Figure 3 (a) Typical effects of (+)-propranolol on isometric tetani
(40 Hz for 2 s) in three separate preparations. Traces were recorded
before and after 30 min perfusion with the drug. (b) Concentration-
response curves for inhibition of peak tetanic tension by (+)-
propranolol and (+)-propranolol. Each point represents the mean
response for 3 to 8 muscles; vertical lines show s.e.mean. *P <0.05
compared to 10 uM (= )-propranolol.

Table 1 Percentage change of twitch and tetanic time
course (relative to control) after 30 min perfusion with
different concentrations of propranolol

Propranolol (um)

0.1 1.0 3.0 10

Twitch

Rise time 0+4 —6+3 —13+3%* —20+6*
20% —80%

Decay time —3+43 —5+43 —6+1* —16+4*
80% —20%

Tetanus

Rise time 1+6 —15+6 —354+4* —66+ 5%
20% —60%

Decay time 746 15+4* 414+ 10* 1234+23*

80% —20%

*Significant difference from control (P <0.05, paired ¢ test
on raw data).

2 min

Caff Prop + Caff Caff

Figure 4 Effect of (+)-propranolol on caffeine contractures.
Contractures shown in each panel were elicited by perfusion with
7 mM caffeine under the following conditions: Left, control; centre,
after 30 min exposure to 20 uM (+)-propranolol; right, 45 min after
washing with drug-free Krebs.

than that used for twitch recording, so that the inhibitory
effects of propranolol were easily measurable. Contractures
elicited with 124 mm K* (n=8) had a greater peak ampli-
tude (26.0+4.4% of T,.) and a faster time to peak
(3445 9).

K™ contracture amplitude was depressed by (4 )-propra-
nolol in a concentration-dependent manner (Figure 5). Con-
centrations of (&)-propranolol that completely abolished
field-stimulated tetanic tension (100 uM) were found to inhibit
K™ contractures by only 25 to 55%. (4 )-Propranolol at either
5 or 100 uMm had a greater inhibitory effect on 60 mMm K™
contractures than on 124 mM K* contractures (Figure 35,
P=0.03 and 0.02, 8 and 7 d.f., respectively). The drug had no
significant effect on the time to peak of K* contractures at
either activation level.

Effects of (£ )-propranolol on resting membrane and
action potentials

The effect of (+)-propranolol on the resting membrane po-
tential (RMP) was studied in nine soleus muscles. The RMP
measured after 15 min perfusion with 20 uM (= )-propranolol
(67.9+1.2 mV, n=152 fibres) was not significantly different
from the control values (69.3+1.3 mV, n=103 fibres,
P>0.09).

The effect of (+)-propranolol on the intracellularly recor-
ded action potential was determined in four experiments where
stable recordings were maintained for the full 45 min experi-
mental period. Figure 6 shows action potential recordings
made before, during and after application of 20 uM (=+)-pro-
pranolol in one of these experiments. Fifteen minutes perfusion
with 20 uM (& )-propranolol decreased the maximum rate of
rise of the action potential from 131+30Vs~' to
23+10 V s~ ! and decreased its amplitude from 82+5 mV to
42+ 14 mV. The (+)-propranolol effect was poorly reversible
(Figure 6), as demonstrated by the maximum rate of rise
(65+13 V s~ 1) and peak amplitude (52+ 13 mV) of the action
potential measured 30 to 60 min after subsequent perfusion
with drug-free Krebs solution.
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Figure 5 Effect of (+)-propranolol on potassium contractures.
Contractures were elicited by perfusion with either 60 mM K™ (60K)
or 124 mM K (124K) in the presence of either 5 uM or 100 uM (+)-
propranolol. Each point represents the mean response +s.e.mean for
4 to 6 muscles. *Significantly different from the 60K result at the
same propranolol concentration, P<0.05. “Significantly different
from the 5 um result, P<0.05.
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Figure 6 Effect of (+)-propranolol on intracellular action poten-
tials. (a) Control, (b) after 15 min in 20 um (& )-propranolol, (c) after
60 min wash in drug-free Krebs. Resting membrane potentials for
traces (a)—(c) were —63, —66 and —65 mV, respectively.

Discussion

The results obtained in the present study demonstrate that
(+)-propranolol depresses twitch and tetanic tension devel-
opment in mammalian skeletal muscle in a concentration-de-
pendent manner by (i) decreasing the amplitude and rate of rise
of the action potential and (ii) directly inhibiting excitation-
contraction coupling. These are the first experiments to char-
acterize fully the complete concentration-response relationship
for the effects of (4 )-propranolol on skeletal muscle, yielding
1Cs, values of ~3.5 uM and ~7 uM for the tetanus and twitch,
respectively. Such values are low compared with the 25% in-
hibition of twitch tension seen with 50 uM (+)-propranolol in
rat inferior rectus muscles (Chiarandini, 1980) and are in
complete contrast to the potentiation of twitch tension by
10 uM (+)-propranolol seen in single frog skeletal muscle fi-
bres (Oota & Nagai, 1977).

The inhibitory actions of propranolol on contraction ap-
pear to be independent of f-adrenoceptor blockade because
(+)-propranolol (which has ~ 100 times less -blocking ability
than the racemate; Howe & Shanks, 1966) was only 2.5 to
3 fold less potent than (+)-propranolol at inhibiting electri-
cally-evoked tension. If the two isomers of propranolol had
equal membrane stabilizing properties (Coltart & Meldrum,
1971) then the concentration-response curves for the (+)-iso-
mer and the racemate should have been identical. Our results
revealed a rightward shift of the concentration-response rela-
tion in the presence of (+ )-propranolol, suggesting that it has
approximately 2 to 3 fold less membrane stabilizing activity
than the (—)-isomer in this preparation.

Effects on sarcoplasmic reticulum

It has recently been shown that high concentrations of (+)-
propranolol (200 uM) can completely block the opening of
single SR Ca’" release channels incorporated into lipid bi-
layers (Zchut et al., 1996). Such direct effects could potentially
account for the depression of tension by propranolol in intact
fibres. However, the present results clearly show that concen-
trations of (& )-propranolol that severely attenuated tetanic
tension (20 uM) failed to inhibit caffeine contractures, thus
ruling out direct inhibition of SR Ca>* release channel opening
as a primary mechanism for the inhibition of tension in the
intact muscle preparation.

Previous experiments in skinned muscle fibres have also led
to the proposal that propranolol decreases contraction by in-
hibiting Ca>* uptake by the SR Ca®" pump (Su & Malencik,
1985). This action is unlikely to explain our results, because
specific inhibition of the SR Ca?" pump by other drugs leads
to enhanced and prolonged tetanic tension responses in

mammalian skeletal muscle (Westerblad & Allen, 1994). Fur-
thermore, direct inhibitory effects of (4 )-propranolol on SR
Ca®" uptake have only been shown at much higher concen-
trations (300—1000 uM) than those used in the present study
(Noack et al., 1978; Su & Malencik, 1985). Nevertheless, the
slight enhancement of caffeine contractures by 20 uM (+)-
propranolol (Figure 4) and the marked prolongation of tetanic
tension relaxation at propranolol concentrations>10 uM
(Table 1) are probably indicative of inhibitory effects on SR
Ca*" uptake at higher concentrations.

Actions of propranolol on membrane excitability

(£)-Propranolol (20 uM) had no effect on the resting mem-
brane potential in soleus fibres, ruling out membrane depo-
larization as a possible mechanism of action. A similar lack of
effect was seen by Larsen & Terdvidinen (1978) in rat dia-
phragm muscles perfused with either (+)- or (—)-propranolol
(68 um).

Perfusion of mammalian skeletal muscle fibres with solu-
tions containing raised extracellular K" leads to activation of
excitation-contraction coupling in a manner which is inde-
pendent of the sarcolemmal and transverse-tubular action
potential (Dulhunty, 1992). The inhibition of sub-maximal K *
contractures by (+)-propranolol (Figure 5) was significant but
modest when compared to the effects of equivalent concen-
trations of the drug on twitch and tetanic tension. Previous
studies in frog skeletal muscle fibres have also shown decreased
K" contracture amplitude in the presence of high concentra-
tions (50 uM) of (+)-propranolol (Oota & Nagai, 1977). As we
have shown that (+)-propranolol has no direct effects on the
SR Ca?" release channels, these results suggest that (+)-pro-
pranolol has a small, direct inhibitory effect on a prior step in
excitation-contraction coupling. One possibility is that this li-
pophilic drug inhibits the function of the voltage sensors (di-
hydropyridine receptors) located in the transverse tubular
system, either by a membrane stabilizing action or by direct
binding to a hydrophobic region of the receptor.

A further indication of a membrane stabilizing action of
(+)-propranolol was shown by its ability to decrease markedly
both the overshoot and the rate of rise of the intracellularly
recorded action potential in the presence of (+)-tubocurarine
(Figure 6). This effect suggests a blocking action on voltage-
dependent sodium channels located in the sarcolemma and/or
transverse tubular system, rather than a ‘curare-like’ action of
propranolol that has been previously suggested in mammalian
skeletal muscle (Larsen & Terdvdinen, 1978; Chiarandini,
1980). The effects of 20 uM (+)-propranolol on action po-
tentials in the present study (80% decrease in rate of rise, 50%
decrease in amplitude) are quantitatively similar to those pre-
viously observed in rat diaphragm muscles at concentrations
around 100 uM (Larsen, 1978), indicating a higher sensitivity
of the rat soleus muscle to the effects of (& )-propranolol.

Possible clinical relevance

A direct, negative inotropic effect of propranolol on mam-
malian skeletal muscle fibres via a membrane-stabilizing me-
chanism could potentially contribute to its therapeutic efficacy
as a tremorolytic agent (Ogawa et al., 1987). It might also
partly explain other propranolol-induced side effects such as
premature fatigue during endurance exercise (van Baak et al.,
1995). Previous authors have argued against any clinical sig-
nificance of the membrane stabilizing actions of propranolol
on the basis that the concentrations required for such effects
are 50 to 100 times the plasma concentrations that are effective
in cardiovascular disorders and in essential tremor (Larsen &
Terédvdinen, 1982). However, this issue is complicated by the
hydrophobicity of propranolol, which has often led to a poor
correlation between plasma propranolol levels and the clinical
variable being studied (eg. the degree of tremor reduction,
Findley & Capildeo, 1984). Indeed, our results demonstrated
that perfusion with relatively low concentrations of extracel-
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lular propranolol (eg. 0.1 uM) produced an extremely slow
depression of muscle twitch tension that had not reached
steady-state at 30 min (Figure 1).

Both of the observations above could be explained if the
concentration of propranolol in the plasma membrane (or
hydrophobic pocket on a receptor) was a better indicator of
efficacy of the drug and was slowly increasing over time. Such
an idea implies that the ICs, obtained for the effects of pro-
pranolol could effectively decrease with prolonged incubation
periods, a phenomenon which has been previously observed
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