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THE EFFECTS OF ISOPRENALINE AND

A NEW B-SYMPATHOMIMETIC AMINE UPON
SPONTANEOUS ACTIVITY, DIASTOLIC DEPOLARIZATION
AND PLATEAU HEIGHT IN CARDIAC PURKINJE FIBRES
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1 In spontaneously active Purkinje fibres of young cows the dose-response curves of the action
of isoprenaline upon different electrophysiological parameters were measured.

2 The increase in slope of diastolic depolarization could roughly be described by a one-for-one
binding curve with a half maximum effect near 1078 M and the increase in the height of the plateau
level by a two-for-one binding curve with a half maximum effect near 107 M (—)-isoprenaline.

3 These dose-response curves were similar to those of two parameters measured under voltage
clamp conditions by other authors. The increase in slope of diastolic depolarization behaved like
the shift of the activation curve for the pacemaker potassium current towards positive potentials
and the growth in plateau height like the increase in the slow inward current mainly carried by
Ca ions. From this conformity we propose that the parameters evaluated by us from action potential
records could be used for a qualitative analysis of the action of catecholamines on pacemaker
potassium current and Ca influx.

4 The effects of the isomers of a new drug, l-isopropylamino-3(4'hydroxyphenoxy)-propan-2-ol
(IHP), were evaluated in the same way as those of isoprenaline. The (—)-isomer was at optimal
concentrations (10~ ° M) nearly half as effective as isoprenaline in increasing frequency and slope
of diastolic depolarization but caused no increase in plateau height. An identical relationship, but
at 5 to 10 times higher concentrations, was obtained with the (+ )-isomer.

5 When 10~* M(—)-IHP was added to a preparation equilibrated with a maximum dose of (—)-iso-
prenaline (10~ M), frequency and plateau height declined. This result together with the observation
that the effects of IHP could be blocked by the specific f-antagonist propranolol, revealed the
B-agonistic nature of the new drug. Its inefficiency in increasing the plateau height and thus the
slow (Ca) inward current was explained by its relatively low potency and intrinsic activity.

Introduction

During recent years the effects of sympathomimetic
amines upon the ion currents underlying electrical ac-
tivity in cardiac pacemaker and muscle cells have
been analysed in detail (cf. Noble, 1975). It is now
well established that these drugs increase the slow
inward current (i;;), mainly carried by Ca ions, with-
out affecting its kinetics (Reuter, 1974; Reuter &
Scholz, 1977a, b). Secondly, in Purkinje fibres these
drugs shift the activation curve for the pacemaker
potassium current (ix,) in a depolarizing direction
(Hauswirth, Noble & Tsien, 1968; Tsien, 1974a, b).
The former effect is responsible for the increase in
height of the action potential plateau and probably
also for the positive inotropic action, while the latter
causes an increase in the steepness of diastolic depo-
larization and thus an increase in frequency of ac-
tivity. In addition, these drugs shorten the plateau

by increasing i,;, the plateau potassium current, and
augment the maximum negative potential during
diastole, probably by activating an electrogenic
sodium pump (cf. Noble, 1975).

In the present experiments the effects of isoprena-
line upon the electrical activity of Purkinje fibres were
analysed together with those of the optical isomers
of a new B-sympathomimetic amine, 1-isopropyla-
mino-3(4'hydroxyphenoxy)-propan-2-ol (IHP). The
alterations in the steepness of diastolic depolarization
and the height of the plateau were evaluated as in-
direct measures of effects on ix, and i; respectively.
The action of isoprenaline upon these parameters fol-
lowed different dose-response relations. In our experi-
ments we measured these relations simultaneously in
one preparation and compared the results with those
obtained after the application of the new drug IHP,
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which was identified as a f-agonist of a lower potency
and intrinsic activity than isoprenaline.

A preliminary account of some of the experiments
described here was given at a meeting of the German
Physiological Society (Schulze, 1977).

Methods
Preparation and solutions

Segments of free-running Purkinje tissue from hearts
of young cows, obtained from a local slaughterhouse,
were used throughout. The segments were excised
within a few minutes of death and taken to the labor-
atory in an ice-cooled Dewar flask filled with Tyrode
solution (saturated with 95% O, and 5% CO,) of the
following composition (mM): NaCl 137, KCl 54,
MgCl, 1.05, NaHCO; 119, NaH,PO, 042, CaCl,
5.4 and glucose 5.5. At the laboratory the segments
were transferred to the experimental chamber through
which a solution of the same composition gassed with
95% O, and 5% CO, was circulated (temperature
35°C). The segments were stimulated for about one
hour at 0.2 Hz. After this time a modified Tyrode
solution with lower concentrations of KCl (2.7 mm)
and CaCl, (1.8 mm) was introduced and as a rule the
segments began to beat spontaneously. After about 30
to 60 min of spontaneous beating, a microelectrode
was inserted and the experiment was started. In a
few experiments the resting potential was lowered by
increasing the KCl concentration to 21.6 mM in the
otherwise unaltered Tyrode solution with 1.8 mM
CaCl,. Under these conditions the Na-spike is abol-
ished and the ‘Ca action potentials’ can be induced
after the application of catecholamines (see p. 6).

Recording apparatus

Conventional microelectrodes of the Ling-Gerard
type were used. Membrane potentials were displayed
on an oscilloscope (Tektronix 561 A in combination
with a Grass P18 microelectrode preamplifier) and
simultaneously and continuously registered with a
chart recorder (Schwarzer Varioscript 442) or a mag-
netic tape recorder (Bell & Howell VR 3200).

Evaluation

Evaluated were: frequency of spontaneous activity,
steepness or slope of diastolic depolarization, maxi-
mum diastolic potential, maximum height of the pla-
teau of the action potential (see Figure 1), and the
threshold potential for the initiation of the regenera-
tive action potential. The experimental data are pres-
ented as mean + standard error of the mean
(n = number of evaluations).
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Figure 1 The evaluation of different parameters

in a spontaneously beating Purkinje fibre. (a) Maxi-
mal height of the plateau phase, (b) steepness of
diastolic depolarization, and (c) maximum diastolic
potential.

Dose-r esponse curves

The apparent stoichiometries presented in the text
(‘one-for-one’ binding curve for a dose-response curve
with a slope of 1 in the Hill plot and ‘two-for-one’
binding curve for a corresponding plot with a slope
of 2) do not mean to imply a direct relation between
effect and drug receptor interaction. They are con-
sidered as empirical functions only, which, however,
allowed a direct comparison with former voltage
clamp data.

Drugs
The following sympathomimetic amines were tested:

(% )-isoprenaline hydrochloride (Fluka AG); (—)-iso-
prenaline-( +)-bitartrate (Sigma Chemie GmbH)

OH LCH,
0H-O)- CH-CH-NH-CH
1 ~
OH CH,
and 1-isopropylamino-3(4’hydroxyphenoxy)-propan--

2-ol-hydrochloride (I.H.P.) (kindly provided by Prof.
H. Brunner, Ciba-Geigy AG, Basle).

CH,
OH-O)- 0~ CH- CH-CHzNH-CH
b CH,

The solutions of sympathomimetic amines were
freshly made up during the course of the experiment.
In order to retard oxidation they contained 6 x 10~*
M ascorbic acid, which itself had no effect on the
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measured parameters. In the text and figures the final
concentration of the drug in the bathing solution is
given.

Other drugs used included : (—)-D600: a-isopropyl-a-
[(N-methyl-N-homoveratryl)-y-aminopropyl]-3,4,5-
trimethoxyphenylacetonitril - hydrochloride  (kindly
provided by Prof. A. Oberdorf, Knoll AG,
Ludwigshafen) and (+)-propranolol (kindly provided
by Rhein-Pharma, Arzneimittel GmbH, Heidelberg).

Results
The effects of isoprenaline

In Figure 2 the effects of (+)-isoprenaline upon spon-
taneously beating Purkinje fibres are shown. At rela-
tively low concentrations (10~® M) the drug caused
an increase in frequency and steepness of diastolic
depolarization as well as a shift of the maximum dias-
tolic potential in the negative direction. Higher con-
centrations (10~ M) induced, in addition to further
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Figure 2 Action potentials of spontaneously beat-
ing Purkinje fibres before (a) and after 10 min of
equilibration with 1078 m (b) and 107 m (c)
( +)-isoprenaline.
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Figure 3 Dose-response curves for the extent to
which ( 1+ )-isoprenaline alters (a) the frequency of
the action potential, (b) the slope of the diastolic
depolarization, and (c) the plateau height of the
action potential. Results from 8 experiments; each
point represents 4 to 11 measurements; vertical lines
show s.e. means.

alterations in these parameters, an increase in the
height of the plateau. The maximum effect was
usually reached 5 to 10 min after application of the
drug. Our results are similar to the effects of -sym-
pathomimetic amines described by other authors
(Otsuka, 1958; Trautwein & Schmidt, 1960; Carmeliet
& Vereecke, 1969; cf. Reuter, 1973). In Figure 3 the
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dependence of frequency (a), slope of diastolic depo-
larization (b) and plateau height (c) on the concen-
tration of (4)-isoprenaline is shown on a semilog-
arithmic scale. The concentration was raised from
107° to 1075 M in steps of half a logarithmic unit,
and the preparation remained for 12 min in each solu-
tion. It should be noted that the alterations (A) from
the value under normal conditions before the appli-
cation of the drug and not the absolute values (which
differed considerably from preparation to prep-
aration) were plotted on the ordinate scale. In normal
Tyrode solution without drugs the following absolute
values were obtained (n = 28): spontaneous activity
0.34 + 0.11 Hz, slope of diastolic depolarization
11.2 + 0.7 mV/s, maximal diastolic potential —98.5
+ 0.8 mV, threshold potential —66.2 + 0.9 mV, maxi-
mal height of the plateau —3.8 + 1.1 mV. All (+)-iso-
prenaline effects were fully reversible. However, after
a high dose of the drug more than one hour was
sometimes needed to regain the normal resting value.

It can be seen from Figure 3 that the first action
on the frequency of the action potential and slope
of diastolic depolarization was noticeable at about
107° M. The half maximal value for both effects was
reached between 10~% and 107 M and the maximum
at 10~® M. With regard to the height of the plateau
phase, no alterations were observed up to 1072 m.
When the concentration was further increased, the
maximum plateau potential shifted steeply by up to
20mV to more positive potentials (Figure 3c). The
half maximal effect was reached at about 10”7 M and
the maximum at 1076 m.

In addition to these effects, (+)-isoprenaline caused
at optimal concentrations a shift of the maximum
diastolic potential by about 7 to 8 mV in the negative
direction (105.9 + 24 mV; n = 6) and a slight alter-
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Figure 4 Normalized dose—response curves for the
action of (—)-isoprenaline upon alterations in the
slope of the diastolic depolarization (A, A) and the
height of the plateau phase (O, ®). Results from
two runs with the same preparation. The data were
fitted by eye to a one-for-one and a two-for-one
binding curve respectively.

ation in the same direction of the threshold potential
by about 3mV (—69.5 + 1.9mV; n = 6).

Usually the (—)-form of a B-sympathomimetic
amine is more potent than the (4 )-isomer, a circum-
stance which may impede a stoichiometric analysis
of the dose-response relation. In the experiment
shown in Figure 4 and in four further experiments
with similar results we avoided this difficulty by using
only the (—)-isomer of isoprenaline. Apart from this
alteration, the experimental procedure remained the
same. It can be seen that the dose-response relation
for the action of (—)-isoprenaline upon the slope of
the diastolic depolarization approximates a one-for-
one binding curve with a half maximal value near
1 x 1078 M. The observed increase in steepness of
diastolic depolarization is certainly related to findings
by Hauswirth et al. (1968) who showed that under
voltage clamp conditions, adrenaline shifts the acti-
vation curve for the pacemaker potassium current in
the positive direction (cf. Noble, 1975). The dose-res-
ponse curve for the latter effect also corresponds to
a one-for-one binding curve (Tsien, 1974a). A slightly
larger concentration for the half maximal effect,
namely 6 x 10™8 M (Tsien, 1974a) could be explained
by a higher receptor affinity for isoprenaline relative
to adrenaline. Since a computer analysis (McAllister,
Noble & Tsien, 1975) revealed no linear relation
between the slope of diastolic depolarization and the
potential shift of the activation curve for the pace-
maker potassium current, additional effects of cat-
echolamines, such as that upon the maximum repo-
larization in diastole, must be taken into consider-
ation to explain the similar dose-response relationship
of the two parameters. Whatever the explanation, the
alterations in the steepness of diastolic depolarization
may, in spite of this limitation, be regarded as a quali-
tative measure of the action of catecholamines on the
pacemaker potassium current.

The dose-response relation for the action of
(—)-isoprenaline on the plateau height, which could
be fitted by a two-for-one binding curve (Figure 4),
resembles the dose-response curve of the effect of
(—)-noradrenaline upon the slow inward current (i)
measured by Reuter (1974) under voltage clamp con-
ditions in cat papillary muscles. Differences in the
concentration for the half maximal effect between his
and our measurements could again be explained by
the use of different catecholamines. The Hill plot of
Reuter’s curve had a slope of two with a half maximal
response at 5 x 10”7 M. This conformity of curves
obtained by different experimental procedures was to
be expected since Reuter (1974) showed in the same
publication that the curve obtained from direct
measurements of the slow inward current had the
same concentration-response relation as that obtained
from an evaluation of the plateau height (compare,
in addition, Carmeliet & Vereecke, 1969). Theoreti-
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cally this direct relationship can only be valid in a
limited potential range of the plateau height. It will,
of course, vanish when the plateau level approaches
the reversal potential of i;. In addition, the extent
of activation of the repolarizing outward current (i)
increases with frequency, leading ultimately to a shor-
tening and reduction of the plateau. However, under
our experimental conditions only minor i,,-induced
changes in plateau height should occur (cf. McAllister,
et al., 1975). The measured rise in plateau height can
therefore reasonably be regarded as a suitable
measure of the increase in slow inward current.

As shown in Figure 4 a distinct difference exists
between the dose-response curve for the slope of dias-
tolic depolarization and that for the plateau height.
In the following experiment we tried to find out how
far the two effects are independent of each other. For
this purpose we introduced the (—)-isomer of D600
which is known to block the slow inward current (see
Kohlhardt, Bauer, Krause & Fleckenstein, 1972;
Bayer, Kalusche, Kaufmann & Mannhold, 1975; Kass
& Tsien, 1975). The preparation was first treated with
5 x 1077 M (4)-isoprenaline, which induced the de-
scribed alterations in pacemaker potential and pla-
teau phase (Figure 5b). After 12min (—)-D600
(1 x 1076 M) was added to the isoprenaline-Tyrode
solution (Figure 5c). It resulted in a reduction of the
plateau level roughly to the value prior to the appli-
cation of the drugs (Figure 5a), whereas frequency,
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Figure 5 The effect of 5 x 1077 m ( +)-isoprena-
line (b) and the same concentration of this drug
plus 1 x 107¢m (—)-D600 (c) on a spontaneously
beating Purkinje fibre. (a) Normal condition before
application of the drugs.
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Figure 6 The effect of 1-isopropylamino-3(4’ hyd-
roxyphenoxy)-propan-2-ol (IHP) upon the electrical
activity of spontaneously beating Purkinje fibres: (a)
before, (b) and (c) 10 min after the application of
either 10~5y of the (—)- or 1074 m of the (+)-form.

slope of diastolic depolarization and duration of the
action potential remained comparable to those values
obtained when (+)-isoprenaline alone was present
(Figure 5b). The results show that the slow inward
current can be suppressed without any alterations in
the kinetics of the pacemaker potassium current.

The effects of I-isopropylamino-3(4'hydroxyphenoxy)-
propan-2-ol (IHP)

The drug was applied as described for isoprenaline.
In Figure 6 typical effects of the (—)-isomer (1075 m)
and the (+)-isomer (10~* M) are shown. Both
isomers increased the frequency of activity and the
slope of the diastolic depolarization whilst they left
the height of the plateau phase unchanged. In addi-
tion, a shift of the maximum diastolic potential
towards more negative potentials was often but not
always (compare Figure 6¢) observed. The mean was
shifted from —98.5 + 0.8 mV to —102.8 + 24mV
(n=35) for the (—)isomer (1075 M) and to
—103.3 + 3.9mV (n = 6) for the (+)-isomer. Practi-
cally no alteration in the threshold potential was
found. The absolute value observed was
—688 +31mV for the (—)-isomer and
—66.2 + 3.7mV for the (+)-isomer.

In Figure 7 the dose-response relations of the most
interesting parameters are presented. It can be seen
that frequency and slope of diastolic depolarization



432 W. GRABOWSKI, H.Ch. LUTTGAU & J. J. SCHULZE

a
Q)
< o2}
5 g
g :
RIS
o
8 t @
& L
4 0 1 1 I i
107 10”8
Drug concentration (M)
b
52 ol
>
3 E
Sz i
S S
2w 5
o T 1
n o
48 |
'g o l— 1 1 A
107 10°°

Drug concentration (M)

s [

E o}

-

L L

K=y

®

£ Of—-=--- S ——————— 3
3

3 | ¢ L
2

©

o -or

4 T 1 1 1 A

1077 10~°

Drug concentration (M)

Figure 7 Dose-response curves of the changes in-
duced by the ( —)-isomer (@) and the (+)-isomer
(0O) of 1-isopropylamino-3(4' hydroxyphenoxy)-pro-
pan-2-ol (IHP) upon the resting values of (a) the
frequency of the action potential, (b) the slope of
the diastolic depolarization, and (c) the plateau
height of the action potential. Results from 6 experi-
ments, each point represents 4 to 8 measurements;
vertical lines show s.e. means.

reached a maximum value which was slightly less
than 509 of that found for (+)-isoprenaline (Figure
3). The height of the plateau, however, remained
roughly normal up to concentrations as high as 107 % m
(or even 10~3 M which is not shown in this figure).
Very often even a small decrease was observed. The
potency of IHP is also less than that of isoprenaline.
First effects of the (—)-isomer on frequency and slope
of diastolic depolarization could be observed at 108
to 10~7 M, and the maximum was reached at 10~ M.
With higher concentrations, frequency declined

again. The dose-response curve of the (+)-isomer was
similar to that of the (—)-isomer. However, as is
usually observed with isomers, the potency of the
(+)-form was less than that of the (—)-form. An
analysis of the results from individual preparations
indicated a shift of the dose-response curve for the
(+)-isomer to 5 to 10 times higher concentrations.

Since IHP deviates in its action from typical
B-agonists like isoprenaline, a test with a specific
B-antagonist, propranolol, was made to obtain further
information about its B-agonistic action. As was
expected from the resemblance of the chronotropic
action of IHP to that of known B-sympathomimetic
amines, (+)-propranolol at a concentration of
1 x 107 M was sufficient to block all the described
effects of both isomers of the new drug (1073 and
10™* M) upon spontaneously beating Purkinje fibres.

The inability of IHP to increase the plateau phase
suggests that it did not cause an increase in the influx
of Ca ions during the course of an action potential.
This important question was further tested by repeat-
ing methods formerly described by Engstfeld, Antoni
& Fleckenstein (1961) and Carmeliet & Vereecke
(1969). In our experiment (Figure 8) the external KCl
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Figure 8 The effect of supramaximal stimuli upon
Purkinje fibres in a Tyrode solution with 21.6 mm
KCI after the addition of the (+)-form of 1-isopropyl-
amino-3(4’ hydroxyphenoxy)-propan-2-ol . (IHP)
(1078 M) (b) and 107® m ( +)-isoprenaline (c);
(a) shows a spontaneous action potential in normal
Tyrode solution.
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concentration was raised to 21.6 mM which caused
a shift of the membrane potential to —50mV and
a blockade of spontaneous activity. The preparation
was then stimulated with supramaximal stimuli.
Under normal conditions and after the application
of the (+)-isomer of the new drug (identical results
were obtained with the (—)-isomer) only stimulation
artifacts were recorded (Figure 8b). When (+)-iso-
prenaline at a concentration of 107 M was added
‘all-or-none’ Ca action potentials were induced
(Figure 8c), similar to those described by the above
mentioned authors. From this result it can be inferred
that the new substance causes no or only a negligible
increase in the influx of Ca during activity.

The agonistic action of isoprenaline and IHP

The finding that IHP increases the frequency but has
no effect upon the plateau height could be explained
in two ways: from its relatively low potency and in-
trinsic activity it could be presumed that the thresh-
old concentration of the activator for the recruitment
of additional Ca channels, ie. cyclic adenosine
3',5'-monophosphate (cyclic AMP, cf. Reuter &
Scholz, 1977), will not be reached even with optimum
concentrations of the drug. Alternatively it could be
suggested that IHP is entirely without effect upon Ca
channels. To decide between the two possibilities we
investigated the action of (—)-isoprenaline and
(—)-IHP in a qualitative form under different experi-
mental conditions. In the first type of experiment
we applied a high dose of (—)-isoprenaline (10~ m).
After a new steady state had been reached we added
(—)-IHP at a concentration of 10~* M. In four experi-
ments the application of the second drug resulted in
a decrease in the slope of diastolic depolarization by
3 to 7mV/s and a reduction of the plateau level by
3 to 10mV. Complementary to this experiment we
induced in one preparation ‘Ca action potentials’
(see p. 6) with 5 x 107® M (—)-isoprenaline and
observed a reduction of the plateau level by 6 mV
after the additional application of 10~* m (—)-IHP.
Such a decrease is to be expected if the second agonist
(—)-IHP reaches only half the intrinsic activity of the
first one ((—)-isoprenaline).

In a further set of experiments we applied 1078 M
isoprenaline, which causes a considerable increase
in the slope of diastolic depolarization but not an
increase in plateau height. After equilibration we
added 107 M (—)-IHP. In two experiments of this
type and in several other tests with slightly different
combinations of the drugs, we observed only minor
alterations in both directions of the two parameters.
Thus IHP alone (see Figure 7c) or in conjunction
with subthreshold concentrations of isoprenaline did
not cause a distinct increase in plateau height.

The experiments described in the foregoing section
show that (—)-IHP reaches about 50%; of the intrinsic
activity of (—)-isoprenaline (slope of diastolic depo-
larization). In addition, the potency is two orders of
magnitude lower than that of (—)-isoprenaline. If
these data are applied to drug-receptor theory, the
conventional theory for receptor interaction with
agonist drugs (cf. Wenke, 1971) predicts qualitatively
the results described in this section. In particular it
can be deduced from these calculations that when
(—)-IHP is added to the lower (—)-isoprenaline con-
centration (10~® M) the ‘receptor occupancy’ in-
creases, if at all, only insignificantly. Thus, the proper-
ties of (—)-IHP allowed us to demonstrate its in-
fluence upon the plateau only by its inhibitory action
at relatively high concentrations of (—)-isoprenaline.

.
Discussion

Three results are of interest and require further com-
ment.

The experiments described in this paper have
shown that useful information about the action of
catecholamines upon the pacemaker potassium cur-
rent (ix,) and the slow inward current (i;) can be
obtained from an analysis of the action potential of
spontaneously beating Purkinje fibres. This is de-
scribed in detail together with some limitations on
p- 4. As a conclusion it can be stated that the
methods applied here can be recommended for a first
screening of new substances with S-sympathomimetic
characteristics.

The present results confirm, for the first time in
the same preparation, the divergence of the dose-res-
ponse curves for the effect of catecholamines upon
the pacemaker potassium current and the slow in-
ward current. This is summarized in Figure 4 in
which the action of (—)-isoprenaline upon both par-
ameters is compared. The different slopes of the two
curves, which approximate a one-for-one and a two-
for-one binding curve, were the same as those found
with more quantitative methods in voltage clamp ex-
periments (Reuter, 1974; Tsien, 1974a). Assuming cyclic
AMP as the common denominator of all -adrenergic
effects the divergence of the two curves is difficult
to interpret. A discussion of this problem, which can
be followed up in recent publications by Reuter (1974)
and Tsien (1974a), is beyond the scope of the present
paper.

Our experiments have shown that IHP is an
agonist for the interaction with S-receptors and char-
acterized by a low potency and intrinsic activity. At
concentrations as high as 10™* M it caused a consider-
able increase in frequency and slope of diastolic depo-
larization but no alterations in the height of the pla-
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teau of the action potential. If the difference in the
dose-response curves for the two measured par-
ameters is similar for all catecholamines, the data
presented in the Results section provide at least a
formal explanation for this behaviour. In the case of
isoprenaline, the plateau height began to increase
when the alteration in the slope of diastolic depolari-
zation became larger than 10 mV/s. This value was
only marginally reached even with maximal effective
concentrations of the new sympathomimetic amine.

The diverging dose-response relations of the par-
ameters investigated imply that a drug with the
characteristics of IHP increases frequency and slope
of diastolic depolarization but remains without effect
upon the plateau height, e.g. the Ca inward current
during an action potential. The latter agrees with un-
published results (Liittgau & Schulze) in which we
found no increase in contractile strength in electri-
cally stimulated (0.2 Hz) calf ventricular muscles at
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