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SUMMARY

1. Selective adrenoceptor agonists and antagonists have been used to analyse the
effects of stimulation of individual types of adrenoceptor in various parts of the
rabbit heart.

2. The selective a,- and a,-adrenoceptor agonists used were St 587 and BHT
933 respectively, and the antagonists were prazosin (a,) and WY 25309 (a,).

3. The selective 8,- and p,-adrenoceptor antagonists were atenolol and ICI
118551, respectively. Pirbuterol was a highly selective f,-adrenoceptor agonist.
The non-selective agonists noradrenaline, adrenaline and isoprenaline were also
employed with various combinations of antagonists.

4. Phenylephrine was found to stimulate f- as well as a-adrenoceptors. Rimiterol
was a f-adrenoceptor agonist, partially selective for f,-adrenoceptors.

5. In the sinus node B,-, but not f,-adrenoceptor stimulation increased the fast
phase of depolarization (V,y).

6. Both g,- and f,-adrenoceptor stimulation increased the slope of slow dia-
stolic depolarization, accelerated repolarization and increased maximum diastolic
potential.

7. After blockade of both ;- and f,-adrenoceptors a,-adrenoceptor stimulation
caused bradycardia, due exclusively to delayed repolarization. a,-adrenoceptor
stimulation had no effect.

8. In Purkinje cells and papillary muscle both 8,- and f,-adrenoceptor stimu-
lation accelerated repolarization. Stimulation of «,-adrenoceptors had no effect.

9. B,-, not f,-adrenoceptor stimulation augmented peak contractions 3-5-fold,
and greatly increased rate of development of tension. After f-blockade a,-adreno-
ceptor stimulation moderately increased peak contractions (up to 47 %), but increased
time-to-peak and duration of contractions.

10. These patterns of adrenoceptor-mediated effects were unchanged in animals
pre-treated with sufficient 6-hydroxydopamine to eliminate responses to sym-
pathetic nerve stimulation.

11. The results would be consistent with g,-, not #,-adrenoceptor stimulation
increasing inward calcium current, and with stimulation of «,-adrenoceptors delaying
its inactivation, rather than increasing its magnitude.
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INTRODUCTION

In several previous studies of the effects of adrenergic stimulation of the heart
(for example Hauswirth, Noble & Tsien, 1968; Brown, DiFrancesco & Noble,
1979), the adrenergic stimulant was adrenaline which activates all types of adreno-
ceptor. f-adrenoceptors were subdivided by Lands, Arnold, McAuliffe, Luduena &
Brown (1967) into f;-adrenoceptors mediating the cardiac effects of sympatho-
mimetic drugs, and f,-adrenoceptors mediating bronchodilator and vasodilator
actions. On this basis, it was rational to employ ‘cardioselective’ drugs for the
treatment of asthmatics who needed f-adrenoceptor blockade, but whether or not
cardioselectivity is a desirable property in other respects (e.g. for the treatment of
hypertension) is unproven. Prichard (1971) observed that in many patients it was
impossible to block the tachycardia induced by isoprenaline or by the Valsalva
manoeuvre or by exercise, with the f,-adrenoceptor selective antagonist practolol,
even when administered in very high doses, which suggested that the human heart
may contain f,-adrenoceptors. Recent studies with the non-selective !23I-labelled
cyanopindolol and various selective agonists and antagonists, (Brodde, Karad,
Zerkowski, Rohm & Reidemeister, 1983; Heitz, Schwartz & Velly, 1983) indicated
a mixed population of binding sites, the latter authors concluding ‘that §,- and
B,-adrenoceptors coexist in the left ventricle and left atrium of the human heart’.
Binding studies do not establish the functional significance of the sites, but Wilson
(1984) has reported a positive inotropic effect of #,-adrenoceptor stimulation in
excised human atrial appendage.

It is important to know how closely animal tissues used for research resemble their
human counterparts. There is evidence that in rat hearts, g;-adrenoceptors
predominate (Bryan, Cole, O’'Donnell & Wanstall, 1981), and that both £,- and
Pa-receptors coexist in cat hearts (Carlsson, Ablad, Branstrom & Carlsson, 1972), but
conflicting conclusions have been reached about the existence of single or mixed
populations in guinea-pigs (Johansson & Persson, 1983) and rabbits. Functional
evidence was obtained for the mediation of increases in heart rate by 8,-adrenoceptors
in conscious rabbits (Vaughan Williams, Raine, Cabrera & Whyte, 1975), and the
presence of f,-adrenoceptors has recently been demonstrated in rabbit atria by
binding studies (Brodde, Leifert & Krehl, 1982). In contrast, Costin, O’Donnell &
Wanstall (1983) maintained that rabbit atria contained f,-adrenoceptors only.

Kass & Weigers (1982) reported that in calf Purkinje fibres, noradrenaline (which
stimulates both a- and g-adrenoceptors) lengthened action potential duration (a.p.d.)
at low concentrations, and shortened it at higher concentrations, but the possibility
that different types of adrenoceptor might be involved was not investigated.
Evidence for the existence and functional role of a-adrenoceptors in the heart was
obtained many years ago (Govier, 1968; Giotti, Ledda & Mannaioni, 1973). More
recently interest has been aroused in the possibility that stimulation of a-adrenoceptors
may be involved in the genesis of cardiac arrhythmias in ischaemic and reperfused
myocardium (Sheridan, Penkoske, Sobel & Corr, 1980).

Phenylephrine has often been employed as a selective a-adrenoceptor agonist, but
it has been found to have, in guinea-pig atria, some action on g-receptors also
(Reinhardt & Wagner, 1974), and we have found the same in rabbits (Dukes &
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Vaughan Williams, 1984a). Methoxamine, another reputed a-adrenoceptor agonist,
blocks S-receptors and is negatively inotropic (Blinks, 1964). Innemee, de Jonge, van
Meel, Timmermans & van Zweiten (1981) described highly selective «,- and
a,-adrenoceptor agonists St 587 and BHT 933 (Kobinger & Pichler, 1977), respec-
tively. As for a-adrenoceptor antagonists, it is well known that prazosin is «, -selective
(Davey, 1980) and yohimbine a,-selective (Langer, 1974). Yohimbine, however, has
additional effects, including blockade of 5-hydroxytryptamine (5-HT) receptors. The
compound WY 25309 is more selective than yohimbine for a,-adrenoceptors, and
lacks antagonist activity at 5-HT receptors (Lattimer, Rhodes, Ward, Waterfall &
White, 1982; Pierce & Waterfall, 1982). We have, therefore, employed in addition
to noradrenaline and phenylephrine, St 587 and BHT 933 as a,- and a,-adrenoceptor
agonists, and prazosin and WY 25309 as selective «,- and a,-antagonists, respectively.
Recently, some highly selective §,- and f,-adrenoceptor agonists and antagonists
have also been made available, so that it has now become possible to undertake a
systematic analysis of the effects mediated individually by the four types of
adrenoceptor in different parts of the heart.

METHODS

New Zealand White rabbits of either sex weighing 800-1200 g were stunned and their hearts
rapidly removed. For measurements of heart rate and contractions the atria were suspended in an
isolated organ bath at 32 °C and contractions were recorded with a Dynamometer UPI transducer
and displayed on a Devices chart recorder. For the experiments with micro-electrodes a portion
of the right atrium containing the sino-atrial node was pinned to the Silastic base of an organ bath
at 37 °C. Results were recorded on tape (Racal Store 4), and measured subsequently via
analog-to-digital transient recorders by a computer program, as described elsewhere (Vaughan
Williams, 1977; Dukes & Vaughan Williams, 1984b). Peaks and troughs of the digitalized wave
forms were identified with a resolution of 0-4 mV and 0-25 ms.

Twelve more rabbits were pre-treated with an initial dose of 6-hydroxydopamine of
25 mg kg™ 1.P., followed by 50 mg kg™ the next day and every 48 h thereafter. This regime
has already been shown to abolish both the dilation of the pupil on stimulation of the cervical
sympathetic and the bradycardic response to f-blockade (Vaughan Williams & Dukes, 1983) in
anaesthetized rabbits.

The bath solution contained (mmol 17!): NaCl, 125; KCl, 5:6; NaHCOj, 25; Na,HPO,, 0-4 ; MgCl,,
1-0; CaCl,, 2:16; glucose, 11:0; and was equilibrated with 959% O, and 5% CO,. Intracellular
potentials were recorded from ventricular and Purkinje cells as previously described. The
preparations were paced at 1:6 Hz. .

Drugs were gifts from their manufacturers as follows: atenolol and ICI 118551 (f;,- and
p.-adrenoceptor selective antagonists respectively) from ICI; the selective #,-adrenoceptor agonists,
rimiterol and pirbuterol from Riker 3M and Pfizer, respectively; the a,- and a,-adrenoceptor
agonists St 587 and BHT 933 respectively from Boehringer Ingelheim; the selective a,-adreno-
ceptor a?tagonist prazosin from Pfizer, and the a,-receptor antagonist WY 25309 from Wyeth.
Other compounds were obtained commercially as follows: isoprenaline sulphate (Wellcome);
L-noradrenaline, phenylephrine, and 6-hydroxydopamine (Sigma).

RESULTS
Sino-atrial node
Presence of B,-adrenoceptors. Dose—response curves relating increases in heart rate

to agonist concentration on a logarithmic scale for isoprenaline (non-selective
f-agonist) and for the f,-adrenoceptor agonists rimiterol (Cooke, Kerr, Willey,
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Hoare, Grant & Crompton, 1974) and pirbuterol (Moore, Constantine & Barth, 1978)
are shown in Fig. 14, and for isoprenaline alone, and in the presence of the
B,-adrenoceptor selective antagonist atenolol, and the g,-adrenoceptor selective
antagonist ICI 118551 (Bilski, Halliday, Fitzgerald & Wale, 1983) in Fig. 1 B. ICI
118551 shifted the isoprenaline dose-response curve to the right, implying that part
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Fig. 1. Dose-response curves relating increases in heart rate and agonist concentration
on a logarithmic scale. 4, effect of isoprenaline (non-selective) and rimiterol and pirbuterol
(B;-adrenoreceptor selective). B, effect of increasing concentrations of isoprenaline, alone
or in the presence of the selective B,-adrenoceptor (atenolol, 107®mol1™?) or g,-
adrenoceptor (ICI 118551, 107 mol 17!) antagonists, or both. C, effect of increasing
concentrations of rimiterol and D, pirbuterol, alone and in the presence of the selective
pr-adrenoceptor (atenolol, 107 mol 17?) or B,-adrenoceptor (ICI 118551, 107 mol I7%)
antagonists, or both.

of the response to isoprenaline alone was mediated by pg,-adrenoceptors, as is
consistent with the responses to rimiterol and pirbuterol alone (Fig. 14). The
isoprenaline dose—response curve was not shifted to the right in a parallel fashion by
atenolol alone but a combination of both f,- and f#,-adrenoceptor blockade did so.
This again would be consistent with the effects of isoprenaline at the lower
concentrations in the presence of atenolol being due to the excitation of a number
of unblocked g,-adrenoceptors sufficient to mediate a submaximal effect.

The effects of rimiterol and pirbuterol, alone and in the presence of atenolol or ICI
118551 or both, are shown in Fig. 1C and D respectively. Selective 8,-adrenoceptor
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blockade by atenolol had little effect on the dose—response curve for pirbuterol, and
ICI 118551 caused a parallel shift to the right, indicating the high selectivity of
pirbuterol for f,-adrenoceptors. The Figure also demonstrates that 8,-adrenoceptors
alone can mediate an increase in heart rate. In contrast, the non-parallel shift of the
rimiterol dose-response curve by atenolol implies that rimiterol was only partially
selective, stimulating both f,- and pB,-adrenoceptors, like isoprenaline. Some
selectivity for #,-adrenoceptors, however, was indicated by the fact that ICI 118551
was more potent than atenolol with rimiterol as agonist (Fig. 1C), whereas the
reverse was the case with isoprenaline as the agonist (Fig. 1 B).

Differential electrophysiological effects of B,- and B,-adrenoceptor stimulation. The
well known effects of adrenergic stimulation in the sino-atrial node of steepening the
slope of the slow diastolic depolarization, increasing the maximum rate of depolari-
zation (Vi,,) of the action potential, and shortening the a.p.d. are illustrated in
Fig. 2 A. In the presence of atenolol the effect on V,,,, was abolished (Fig. 2 B), but in
spite of blockade of the §,-adrenoceptors isoprenaline still caused a small increase in
heart rate, and shortened the a.p.d. The effects of pirbuterol and rimiterol, illustrated
in Fig. 2C and E respectively, confirm that selective 8,-adrenoceptor stimulation did
not increase V,,,,, but nevertheless augmented heart rate, partly by steepening the
slope of diastolic depolarization, and partly by accelerating repolarization. Although
the points at which the maximum diastolic potential was reached are not easy to
detect from the superimposed records, the mean of measurements by computation
from the digital recorders demonstrated a statistically significant acceleration of
repolarization by S,-adrenoceptor stimulation (Figs. 3B and 4C). Atenolol had no
influence on the effects of pirbuterol (Fig. 2.D) but ICI 118551 completely abolished
them, as illustrated in Fig. 2 F, in which the two superimposed action potentials are
indistinguishable.

The effects of atenolol and ICI 118551 alone, and of a range of concentrations of
the three agonists, isoprenaline, pirbuterol and rimiterol, both alone and in the
presence of antagonists, have been measured on heart rate, peak action potential
amplitude, maximum diastolic potential, take-off potential, a.p.d. and on V,, and
rates of repolarization and diastolic depolarization. The important features extracted
from this mass of information have been presented in Figs. 3 and 4.

It was apparent from Fig. 1 4 that pirbuterol, even at the highest concentration
used, did not increase heart rate by much more than 50 beats min~. Comparison of
Fig. 34 and B illustrates that at 1078 and 10~7 mol 17? concentrations of isoprenaline
the shortening of repolarization time accounted for 80 %, and 46 %, respectively of the
total reduction of peak-to-peak interval, and with pirbuterol, at concentrations of
1077 and 107® mol 17! acceleration of repolarization was responsible for 74 9% and
68 %, of the reductions in peak-to-peak intervals. After blockade of 8,-adrenoreceptors
with atenolol, acceleration of repolarization now accounted for 609, of the peak-
to-peak interval reduction by isoprenaline at 107 mol 17!, while at 1077 mol 17? the
mean shortening of repolarization (—44'5 ms) actually exceeded the mean total
shortening of the peak-to-peak interval (—40-4 ms). These findings indicate that both
B,- and p,-adrenoceptor stimulation increase heart rate largely by accelerating
repolarization as well as by a change in the slope of the slow diastolic depolarization.
In addition, £,- but not 8,-adrenoceptor stimulation, increases V,,,,. As can be seen
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Fig. 2. Superimposed intracellularly recorded potentials from the sino-atrial node. 4, C
and E, effects respectively of isoprenaline (107® mol 17!), rimiterol (107 mol 1-!) and
pirbuterol (1077 mol 17!). The upper arrows indicate the tracings taken after exposure to
the drugs, the other tracings being the pre-drug controls. The lower arrows are placed at
the points of maximum diastolic potential, easily detected by computer but less easy to
identify on the superimposed records. B, isoprenaline, in the presence of the §,-adreno-
ceptor selective antagonist atenolol (107 mol 171), still caused some shortening of a.p.d.
but no longer increased Vi, of the action potential upstroke. D and F, effects of
pirbuterol in the presence of atenolol and ICI 118551, respectively, at concentrations of
107¢ mol 171. In F, the control potential and that recorded in the presence of ICI 118551
and pirbuterol are superimposed. Thus the f,-adrenoceptor selective compound, ICI
118551, abolished the effects of pirbuterol, but atenolol had no effect (D). Calibrations:
vertical bar, 60 mV ; horizontal bar, 100 ms.

from Fig. 1D there was some minor stimulation of #,-adrenoceptors by the highest
concentrations of pirbuterol because atenolol, without effect at the lower concen-
trations of pirbuterol, had a small effect on responses at the highest concentrations.
All the detailed results with pirbuterol in the presence of atenolol have not been
presented, because the effects of atenolol were otherwise non-significant. The detailed
results with rimiterol have likewise been omitted, since they resembled those
obtained with pirbuterol.

The conclusion that f,- but not 8,-adrenoceptor stimulation increased the currents
responsible for the rapid phase of depolarization is reinforced by the evidence
presented in Fig. 4 4, which indicates that the isoprenaline-induced increases of
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overshoot potential were almost abolished by f,-adrenoreceptor blockade, and that
pirbuterol alone had little effect. Increases in V,,,, induced by isoprenaline were also
abolished by g,-adrenoceptor blockade, whereas pirbuterol alone had no significant
effect on V,,,, except at the highest concentration, probably due to f,-receptor
stimulation because the effect was not abolished by ICI 118551 (Fig. 3D). The
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Fig. 3. Mean differences from controls of various electrophysiological measurements in the
rabbit sino-atrial node. The significance of differences is indicated thus: x, P < 0:05; +,
P <001; ++, P<0001: bars showing s.E. of mean have been omitted for clarity.
Ordinates: 4, shortening of peak-to-peak interval between action potentials (ms). B,
duration of repolarization from peak to maximum diastolic potential (ms). C, slope of the
slow diastolic depolarization (mV s71). D, maximum rate of depolarization ( V,,,) of action
potential upstroke (V s7!). All measurements returned to control values on wash-out of
the agonists. @, isoprenaline; W, isoprenaline in the presence of atenolol (107® mol 17!);
W, pirbuterol; A, pirbuterol in the presence of ICI 118551 (107® mol 17). Abscissae:
agonist concentrations on logarithmic scale (mol 17!); C, pre-drug control.

B.-selective antagonist ICI 118551 did not alter the effects of isoprenaline on
overshoot potential or V,,,, (not shown). In contrast, both 8,- and 8,-adrenoceptor
stimulation increased the slope of the slow diastolic depolarization (Fig. 3C) and
accelerated repolarization (Fig. 4C). The latter effect may have been due to an
increase in potassium permeability, because it was associated with a more negative
maximum diastolic potential (Fig. 4 B), as discussed later.

The take-off potential, measured as the point at which extrapolation forward of
the slow diastolic depolarization intersected extrapolation backwards of the action
potential upstroke, was made more negative by f,-adrenoceptor stimulation only,
because a dose-related effect of isoprenaline was abolished by atenolol (Fig. 4 D) but



530 1.D. DUKES AND E. M. VAUGHAN WILLIAMS

not by ICI 118551. Pirbuterol again had no significant effect, except at the highest
concentration used.

Presence of a-adrenoceptors. Phenylephrine, at concentrations of 1075 mol 17! and
above, induced a dose-related tachycardia in isolated rabbit atria, but, as can be seen
from Fig. 54, this was caused by stimulation of f-adrenoceptors because in the
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Fig. 4. Further differences from control of electrophysiological measurements in the
sino-atrial node. Symbols as for Fig. 3. Ordinates: 4, peak action potential amplitude
(overshoot) (mV); B, maximum diastolic potential (mV); C, mean rate of repolarization
(V s871); D, take-off potential of action potential upstroke (mV). Abscissae: as for Fig. 3.

presence of propranolol, which blocks both g,- and S,-adrenoceptors, phenylephrine
induced a bradycardia at the much lower concentration of 2x 1077 mol1™ and
above. Evidence that the bradycardia was mediated by «,-adrenoceptors is presented
in Fig. 5 B, showing that the «,-adrenoceptor selective agonist St 587 caused falls in
heart rate over a similar range of concentrations, but the a,-selective BHT 933 was
without effect. Thus, after elimination of other effects, all a,-adrenoceptor agonists
should cause a bradycardia, and evidence that noradrenaline slows heart rate after
selective blockade of f,- and B,-adrenoceptors is presented in Fig. 5C. The Figure
also shows, however, that although the maximal effect of noradrenaline was to
reduce frequency by 25 beats min™! and occurred at 10~ mol 171, both St 587 and
phenylephrine caused further bradycardia at higher concentrations, implying an
effect additional to stimulation of a-adrenoceptors. Fig. 5D shows that after
pre-treatment with the a,-adrenoceptor selective antagonist prazosin (107® mol I!)
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none of the agonists (still in the presence of atenolol and ICI 118551) had any effect
at concentrations up to 107° mol 171, but that at higher concentrations phenylephrine
and St 587, but not noradrenaline, still caused bradycardia, confirming a non-
adrenergic action, observed at very high concentrations only. The a,-adrenoceptor
antagonist WY 25309 had no effect on the bradycardia.
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Fig. 5. Log dose-response curves for a-adrenoceptor agonists alone and in the presence
of various antagonists. 4, Phenylephrine increased heart rate at concentrations above
107® mol 17! (W), but in the presence of propranolol (107® mol 17!) ([J) caused bradycardia
at concentrations above 1077 mol 17!. Ordinate: change in heart rate (beats min7!).
Abscissa (in all panels): concentration of agonist on logarithmic scale. B, effects on heart
rate of the selective a,- and a,-adrenoceptor agonists St 587 (@) and BHT 933
(A) respectively. Ordinate (and for C and D): decrease in heart rate (beats min™!). C, effect
of St 587 (@) alone compared with those of phenylephrine (A) and noradrenaline (IR)
in the presence of both the selective 8,- and f,-adrenoceptor antagonists atenolol and
ICI 118551 respectively, at concentrations of 107® mol 171. D, effects of St 587 (@) and of

phenylephrine (A) and noradrenaline (Hll) in the presence of the g-blockers, after exposure
to prazosin (107® mol 171).
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The electrophysiological changes responsible for the slowing of heart rate are
illustrated in Fig. 6. Noradrenaline alone (Fig. 6 A), like isoprenaline, accelerated
heart rate by increasing the slope of slow diastolic depolarization and V,,,,, and by
shortening the a.p.d. After blockade of both types of f-adrenoceptor, noradrenaline
had no effect on slow diastolic depolarization or on the upstroke of the action
potential, but delayed repolarization (Fig. 6 B). The a,-adrenoceptor agonist St 587
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alone had effects similar to those of noradrenaline after #-blockade (Fig. 6 C). Analysis
of the digital records showed that the bradycardia induced by St 587 was exclusively
due to delay of repolarization, by a mean of 26 ms at 107® mol 171. Other parameters
measured, maximum diastolic potential, peak potential, take-off potential, maximum
rate of depolarization, and slope of slow diastolic depolarization were all unchanged.
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G

Fig. 6. 4, B and C, mtraoellular potentials recorded from sino-atrial node. The upper
arrows denote tracings taken in the presence of the agonists for comparison with the
pre-drug control tracings. The lower arrows indicate the points at which the maximum
diastolic potentials were reached. 4, effect of noradrenaline (10”7 mol 17!) alone, and in
the presence (B) of atenolol and ICI 118551 at 10™®mol 17*. C, effect of St 587
(5% 107 mol 171). Vertical and horizontal bars: 60 mV and 100 ms respectively. D and E,
records from papillary muscle; effect of noradrenaline (10~7 mol 17?) alone (D), and in the
presence of the f-blockers (E). Vertical and horizontal bars: 60 mV and 100 ms. F and
@, papillary muscle contractions before and after exposure to noradrenaline (1077 mol 171)
alone (F), and in the presence of atenolol and ICI 118551 at 107 mol 17! (G). Vertical bar:
1 g; horizontal bar: 100 ms.

The prolongation of a.p.d. was abolished by prazosin at 107® mol 17, but the
a,-adrenoceptor selective antagonist WY 25309 had no effect. The a,-adrenoceptor
agonist BHT 933 alone had no effect on sinus node potentials even at the highest
concentration used, 107® mol 171.

The effects of phenylephrine on sinus node potentials resembled those of nor-
adrenaline. Phenylephrine alone increased the slopes of slow diastolic depolarization
and action potential upstroke, and shortened the a.p.d., but lengthened the a.p.d.
after combined f,- and S,-adrenoceptor blockade, the latter effect being abolished
by prazosin, but not by WY 25309.

Elimination of presynaptic effects. The possibility had to be considered that the
results might have been influenced by transmitter release from surviving autonomic
nerves. For example, presynaptic f-adrenoceptors could have augmented release of
noradrenaline (Langer, 1980). Atenolol at concentrations up to 107> mol 17! had no



SELECTIVE ADRENOCEPTOR ACTIONS ON RABBIT HEART 533

effect on the spontaneous frequency of isolated atria, from which it could be
concluded that there was no significant ‘background sympathetic tone’. Indeed,
atenolol had no significant effect on any electrophysiological parameter, except for
a small reduction in ¥, ,, at 1075 mol 172, and therefore the detailed results have not
been presented. ICI 118551, likewise had no significant effect at 5 x 1077 mol 17!, but
at 107® and 4x107® mol 1! overshoot potential and V,,, were reduced in a
concentration-related manner, and repolarization was delayed by 7 and 17 ms
respectively. The reduction in V,,, must have been a direct effect of the drug and
not due to blockade of a background g,-adrenoceptor stimulation, because if the latter
had been present V,,, would have been depressed by atenolol also.

The above conclusion that presynaptic influences were unlikely to be important
was indirect, from the absence of the effect of an antagonist. Dose—response curves
for isoprenaline and rimiterol in atria taken from chemically sympathectomized
rabbits were compared with control curves and were not significantly different,
providing direct evidence that the agonists used were not causing release of
presynaptic transmitters in amounts sufficient to affect the results. The brady-
cardia induced by St 587 and by noradrenaline in the presence of atenolol and
ICI 118551, was of equal magnitude in the controls and in animals pre-treated with
6-hydroxydopamine, and the dose-response curves were superimposable.

Papillary muscles
Effects of B-adrenoceptor stimulation

Resting potential. Neither of the B-receptor antagonists, atenolol or ICI 118551,
had any significant effect on resting potential. The selective 8,-adrenoceptor agonist
pirbuterol, and the less selective rimiterol, made the resting potential slightly
more negative at the highest concentrations. The non-selective agonists adrenaline
and isoprenaline were a little more potent in hyperpolarizing the resting potential,
and although the maximum effect was small (2 mV only), it was statistically
significant. The phenomenon is described in more detail below (Table 2).

Repolarization. The effects on the a.p.d. from its peak to 909 repolarization
(a.p.d.g) of increasing concentrations of the four agonists, alone and in the presence
of antagonists, are shown in Fig. 7, and representative tracings of the effects of
isoprenaline and adrenaline in Fig. 8. All four agonists shortened the a.p.d.,
isoprenaline being the most potent. (The effects on the a.p.d. from its peak to 20 %
and 50 % repolarization (a.p.d.,, and a.p.d.;, respectively) were similar to those on
a.p.d.y, 80 have not been presented.) It is apparent that the a.p.d.-shortening effects
of isoprenaline were only partially blocked by the g,-adrenoceptor antagonist
atenolol, implying that f,-adrenoceptors also shortened the a.p.d. (Fig. 7 4). This is
confirmed by the fact that the highly selective f,-adrenoceptor agonist pirbuterol,
shortened a.p.d.;, and a.p.d.y, in a dose-dependent manner, and that this effect was
unaffected by atenolol, but abolished by the f,-adrenoceptor antagonist ICI 118551
(Fig. 7D).

Effects on depolarization. In contrast to the similarity of the effects of 8,- and
B,-adrenoceptor stimulation on repolarization, their effects on depolarization differed.
In Table 1 the mean effects of increasing concentrations of the four agonists are
presented on the maximum rate of depolarization (V,,,,) and overshoot potential, the
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magnitudes of which in papillary muscle are determined mainly by fast inward
(sodium) current. The three drugs with £,-adrenoceptor agonist activity increased
both overshoot and V,,,, but in the presence of atenolol the effects on the latter were
abolished, and on the former attenuated, implying that they were due to excitation
of f,-adrenoceptors. In confirmation, the highly selective f,-adrenoceptor agonist
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Fig. 7. Effects of A4, isoprenaline and B, adrenaline (non-selective agonists), C, rimiterol
(partially selective B,-adrenoceptor agonist), and D, pirbuterol (highly selective
Bs-agonist) on a.p.d. in papillary muscle. Ordinates: a.p.d. from peak to 90 % repolar-
ization (a.p.d.g,), (ms). Abscissa: agonist concentration (mol 172). C, before administration
of agonist. R, after wash-out of agonist. @, effects of agonist alone; [, in the presence
of atenolol (107 mol 171); A, in the presence of ICI 118551 (10~® mol 17?). Significance of
differences from control. x, P < 0-05; +, P <001; + +, P < 0-001.

pirbuterol did not increase V,,,, or overshoot, nor did the antagonists on their own.
Indeed, ICI 118551, at tke highest concentrations used, caused small decreases in ¥y, .
of —569% at 107 mol 17! (n.s.) and of —11-6%, at 4 x 107® mol 17? (P < 0-001). Since
the concentration employed for blockade of agonists was 107® mol 171, the intrinsic
effect of ICI 118551 on V,,,, is unlikely to have influenced the results significantly.

Effects of a-adrenoceptor stimulation

Repolarization. Noradrenaline alone at a concentration of 1077 mol 17}, shortened
a.p.d.s, and a.p.d.g, by means of 12 ms for both (P < 0-001) (Fig. 6 D), but lengthened
them significantly after combined g,- and f,-adrenoceptor blockade (Fig. 6 E), the
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Fig. 8. Effects of isoprenaline (4), adrenaline (B), and of isoprenaline in the presence of
atenolol (C) on papillary muscle action potentials. Vertical bar, 50 mV ; horizontal, 50 ms.
Arrows indicate the tracings recorded in the presence of the drugs. D, effects of isoprenaline
(1077 mol 17?) alone, and E, in the presence of atenolol (107 mol 17!) on action potentials
recorded from distal Purkinje cells. Calibrations: vertical bar, 50 mV; horizontal bar,
50 ms. Arrows indicate tracing taken in the presence of isoprenaline, for comparison with
the pre-drug control. A.p.d. shortening was attentuated, but not abolished, by selective
p1-adrenoceptor blockade.

mean increases in a.p.d.;, and a.p.d.,, being +16 and +21 ms respectively at
1077 mol 17. St 587 alone significantly lengthened a.p.d.;, and a.p.d.,, by means of
+9 and + 12 ms respectively at 107® mol 17! (P < 0-001), but BHT 933 had no effect.
On wash-out of noradrenaline and St 587 all parameters returned to their control
values. Here again the prolongation of a.p.d. by St 587, and by noradrenaline in the
presence of the f-blockers, was abolished by prazosin, but not by WY 25309. In
contrast to its intrinsic bradycardic effect on the sinus node, even at 105 mol 1!
St 587 had no effect at all on the papillary muscle action potentials in the presence
of prazosin at 107¢ mol 172.

Contractions

p-receptors. Adrenergically stimulated increases in the force of papillary muscle
contractions were mediated by f,-adrenoceptors. The effects of increasing concen-
trations of isoprenaline, rimiterol and pirbuterol on developed tension are depicted
in Fig. 9.

a-receptors. As illustrated in Fig. 6 F and Fig. 9 noradrenaline alone at 10~7 mol 17*
increased developed tension 3-fold. In the presence of combined g,- and
Be-adrenoceptor blockade the peak tension was only slightly augmented, but the
duration of contraction was substantially increased (Fig. 6G). The effect of St 587
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on contractions was similar to that of noradrelaine after #-blockade, the quantitative
results being as follows. In the presence of atenolol and ICI 118551 (107¢ mol 171),
noradrenaline at 1078, 1077 and 107® mol 17! caused mean increases of papillary
muscle contraction of 74, 159 (P < 0:01) and 46:7% (P < 0-:001) respectively,
lengthening the time-to-peak tension by 2-2, 8:7 (P < 0-:001) and 16:3 ms (P < 0-001).

TasLE 1. Effects of 8,- and f,-adrenoceptor excitation on the depolarization of papillary muscle

Conen. (mol 17?) 0 10~® 1078 1077 1078 Recovery
Overshoot potential (mV)
koK k +++
Isoprenaline 36-4 351 324 395 — 348
% ok %k +++
Adrenaline 325 329 31-9 347 — 321
Kk +++
Rimiterol 315 30-9 324 364 — 31-8
Pirbuterol 31-0 — 30-8 30-5 29-8 30-6
ok +++
Isoprenaline 29-5 300 325 341 — 304
+ atenolol
Maximum rate of depolarization (V s7?)
*kk +++
Isoprenaline 172:3 174-3 1789 198:5 — 1681
xkk +++
Adrenaline 1753 1786 1795 189-2 — 174-8
kKK
Rimiterol 1328 1337 1389 151-2 — 1367
Pirbuterol 1725 — 1694 1672 1553 1745
Isoprenaline 152:6 1258 162-7 157-2 — 1498
+ atenolol

Significance of differences from the initial control is indicated by asterisks. Plus signs indicate
significance of differences observed in the recovery period in drug-free solution from observations
at the highest agonist concentration. *** or + + + = P < 0-:001.

Concentrations of St 587 alone of 1078, 1077, 10™® and 107° mol 17! increased
contractions by 22, 11-2, 158 (P < 0-001) and 3589, (P < 0:001) respectively, and
prolonged the time-to-peak by 0-4, 1-0, 6:0 (P < 0-001) and 16-1 ms (P < 0-001). The
positive inotropic action and prolongation of the duration of contraction by St 587,

and by noradrenaline in the presence of the #-blockers was abolished by prazosin but
not by WY 25309.

Purkinje cells

f-receptors. The effects of the agonists and antagonists on Purkinje cells were in
general similar to those on papillary muscle. Representative tracings of the effects
of isoprenaline, alone and in the presence of atenolol, are shown in Fig. 8D and E.
As in papillary muscle, £,-adrenoceptor blockade did not abolish the shortening of
a.p.d. by isoprenaline, implying that functional f,-adrenoceptors are present in



SELECTIVE ADRENOCEPTOR ACTIONS ON RABBIT HEART 531

60— .
A
30} o
/ ‘;‘
/'i l:;/':
. v—=% 4
57—“{7/
0 L
| 1 | | J
Cc 107° 108 1077 10°¢
ms
200 [Drug](mol I°1)
6 ++ ¢ ++
v v
+‘:/ ++/
+/ o7
L P \ - \
~a a
\.
++\‘
++
120%-
| B S W — | T — —
Cc 10® R C 1078 R
10 1077 10 1077
[Agonist] (mol 17!) [Agonist] (mol 17!)

Fig. 9. Effects of agonists on contractions of papillary muscles and on a.p.d. from peak
to 90 % repolarization (a.p.d.q), in Purkinje fibres. 4, developed tension in response to
isoprenaline (Ill), rimiterol alone (W), rimiterol in the presence of atenolol (107 mol 1)
(V) and pirbuterol alone (A). Ordinate: tension (g). Abscissa: drug concentrations on
logarithmic scale. C, pre-drug control. B, effects on a.p.d. of noradrenaline alone (A) and
in the presence of atenolol and ICI 118551 (107 mol 17?) (W¥). C, effect of St 587 alone.
Ordinates: a.p.d.y, (ms). Abscissa: agonist concentrations (mol 17) on logarithmic scale.
C, pre-drug control; R, recovery, after wash-out of drug for 1 h. The significance of
differences is indicated thus: ** or +, P < 0-01; *** or + +, P < 0-001; bars showing
8.E. of means have been omitted for clarity.

Purkinje cells also. This conclusion was confirmed by the fact that pirbuterol alone
shortened a.p.d., but not in the presence of ICI 118551. In contrast, the maximum
rate of depolarization was increased in a dose-dependent manner by isoprenaline
(from 326 to 352 V s™! at a concentration of 1077 mol 17!) (Fig. 10C), as was the
overshoot potential (from 42-9 to 46:2 mV). That these latter effects were mediated
mainly by pg,-adrenoceptors was indicated by the observation that they were
abolished by atenolol but only attenuated by ICI 118551, and that pirbuterol had
no significant effect except a small one at the highest concentration (Fig. 10 D). ICI
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118551 alone, however, did depress V,,,, to some extent (—1-2% at 10~® mol 1 (n.s.)
and —1029% at 4 x 107® mol 17!) (P < 0-01) in Purkinje fibres, as already observed
in papillary muscle. Since 107® mol 17! was the concentration employed for blockade
of agonists, this non-specific action cannot explain the attenuation by ICI 118551
of the increase by isoprenaline of V,,,, which was reduced from +7-8% to +36%
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Fig. 10. Effects of isoprenaline (4 and C) and pirbuterol (B and D) on a.p.d.;, and a.p.d.,
(4 and B) and on the maximum rate of depolarization, V. (C and D) in Purkinje cells.
Ordinates: A and B, action potential duration from peak to 509 (a.p.d.;,) and 90 %
(a.p.d.go) repolarization (ms). C and D, maximum rate of depolarization V., (V s™).
Abscissa: agonist concentration (mol 17?), C, before administration. R, after wash-out of
agonist (1 h). @, effects of agonist alone. [}, in the presence of atenolol (107® mol 171).
A, in the presence of ICI 118551 (107® mol 17?). Significance of differences from pre-drug
control: x, P <005; +, P<001; + +, P <0-001.

at an isoprenaline concentration of 1077 mol 17*. Dose-response curves for isoprena-
line and pirbuterol, alone and in the presence of antagonists, on a.p.d.;, and a.p.d.,,
in Purkinje cells, presented in Fig. 104 and B, indicate clearly that both g,- and
B.-adrenoceptor stimulation shortened a.p.d.

a-receptors. The effects of noradrenaline and St 587 in distal Purkinje cells were
similar to those observed in papillary muscles, but were even more striking and are
illustrated in Fig. 9 B and C respectively. These effects of St 587, and of noradrenaline
in the presence of S-blockers, were completely abolished by prazosin at 107® mol 17!
but not by WY 25309.
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Changes in resting potential

The results so far have been consistent with the view that the adrenergic positive
inotropic effect and increased rate of depolarization and overshoot potential were
mediated primarily in Purkinje fibres and exclusively in papillary muscle by
B,-adrenoceptors, whereas the shortening of a.p.d. was mediated by both g,- and
fs-adrenoceptors. The small problem remains, however, of how to explain that in
Purkinje fibres ICI 118551 did attenuate the increase in V,,,, by isoprenaline (Fig.
100), and that pirbuterol did significantly increase V,,,, even in the presence of
atenolol (Fig. 10 D).

The shortening of a.p.d. could have involved an increase of potassium current
relative to that of other ions, and if this had continued into diastole it could have
made the resting potential more negative. In Purkinje cells the relation between V.
and initial resting potential is very steep (Weidmann, 1955), so that a negative shift
of 2 mV could be responsible for an appreciable increase in V,,,,. The changes of
resting potential induced by #,- and f,-adrenoceptor agonists, alone and in the
presence of antagonists, have been presented in Table 2. Although most of the changes
were too small to be statistically significant, the trend is clear, and the highest
concentrations of both f,- and f,-adrenoreceptor agonists produced statistically
significant negative shifts of resting potential, abolished or attenuated by the
appropriate antagonist. Confidence in the validity of the measurements is reinforced
by the very small values in the recovery column, indicating that resting potential
returned to control levels on wash-out of the drugs. Each entry in Table 2 is the
difference between the means of measurements of resting potential in twenty-four
fibres from four preparations. The standard errors of the means were within the range
0-3-0-9 mV. It is notable that in papillary muscle, in which pirbuterol had no effect
on V., it also had no effect on resting potential. In Purkinje fibres pirbuterol at
107® mol 17* significantly increased resting potential by 1-41 mV, and significantly
increased V,,, by 15V s71. It still increased V,,,, by 116 V s7! in the presence of
atenolol, but not in the presence of ICI 118551, which indicated that the effect was
probably secondary to the more negative resting potential induced by 8,-adrenoceptor

stimulation, and not to a direct effect of 8,-stimulation on V..

DISCUSSION

The advent of highly selective agonists and antagonists has made it possible to
differentiate between the electrophysiological consequences of stimulation of in-
dividual types of adrenoceptor. The results are relevant to two currently controversial
topics, the influence of adrenoceptors on normal and abnormal cardiac rhythm, and
the interpretation of the Q-T interval of the electrocardiogram.

Cardiac rhythm

B-adrenoceptors. The existence in the rabbit sinus node of B,-adrenoceptors
mediating increases in heart rate was demonstrated by the effects of the selective
agonist, pirbuterol, and antagonist, ICI 118511, in confirmation of previous indirect
evidence (Vaughan Williams et al. 1975). Brodde et al. (1982) found both 8,- and
P.-adrenoceptor binding sites in the rabbit heart, but Costin et al. (1983) concluded
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that there were §,-adrenoceptors only. The apparent conflict of evidence may readily
be explained, however, because even the highest concentration of pirbuterol we used
caused less tachycardia than isoprenaline, suggesting that insufficient f,-adreno-
ceptors were present to produce a maximal response. Costin et al. (1983) found that
the maximal response to another pf,-selective agonist, procaterol (Hedberg &
Mattsson, 1981) ‘was only 19-5+2:2 %, of the mean maximum response to isoprena-
line’. The authors attributed even this effect to stimulation of f,-adrenoceptors, but

TaBLE 2. Resting potential changes (mV)

Conen. (mol 17?) 10~° 1078 1077 10~ Recovery
Papillary muscle

Isoprenaline +042 —-013 —-2:17 — +015
+ atenolol +0-48 +148 —0-84 — +0-67

Adrenaline —-072 —0-52 —1-77%* — +005

Rimiterol —-023 —0-59 —2:21%* — —0-18
+ atenolol +0-34 —035 +01 — —0-09
+1ICI 118551 —-07 -0-22 —1-31* — —029

Pirbuterol —043 +1-09 —048 +0-62

Purkinje fibres

Isoprenaline —-02 —075 —2:42%* — —0-24
+ atenolol —008 —04 —045 — —-002
+ICI 118551 +0-12 —-017 —-0-79 — +0-06

Pirbuterol —035 —045 —1:41%* —1-14
+1ICI 118551 -01 +0-57 +027 +0-54

*P= <005; **P = < 0-01.

did not test whether it was abolished by a f,-selective antagonist. In calculating
agonist concentration ratios in the presence of the selective antagonists atenolol and
ICI 118551 they estimated EC;, values (agonist concentrations producing 50 %, of a
maximal response), but since the f#,-agonist could achieve only 209, of a maximal
response the conclusion that only §,-adrenoceptors were mediating the response was
not surprising.

Our results indicated that increases of V,,,, and overshoot in sino-atrial cells were
mediated by £,-, not by f,-adrenoceptors, implying that the second inward current
(Z5) was controlled by f,-adrenoceptors only. Brown et al. (1979) suggested that
adrenaline accelerated heart rate by inducing a positive shift in the activation curve
of 7, a current activated by hyperpolarization, resulting in a steepening of the slope
of the slow diastolic depolarization. A very similar current in the rabbit sino-atrial
node, ¢,, also activated by hyperpolarization, was described independently by
Yanagihara & Irisawa (1980), but the latter authors concluded that it could not be
responsible for the pace-making function of the node because its voltage-control range
was negative to the maximum diastolic potential of dominant pace-maker cells, and
its activation had ‘too long a time constant to show dynamic changes during each
cardiac cycle. It is unlikely that ¢, has a significant effect on the normal action
potential pattern’.
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Our own experiments have indicated that shortening of the a.p.d. is a major
component of adrenergically induced tachycardia, and that not only g,- but also
P.-adrenoceptors mediated both the increases in slope of the diastolic depolarization,
and the increases in the velocity of repolarization and in the maximum diastolic
potential. The latter findings suggest that g,-adrenoceptor stimulation could have
increased outward potassium current (¢g). These effects were not exclusively due to
B.-stimulation, however, because they still occurred, though to a reduced extent, in
response to isoprenaline after blockade of f,-adrenoceptors by ICI 118551.

Isenberg (1977) found that after injection of calcium chloride from a micropipette
into cardiac Purkinje fibres the duration of action potentials was shortened, and
concluded that intracellular calcium concentration, [Ca?*];, controlled potassium
permeability. If such a mechanism were to exist in sinus node cells, a rise in [Ca?*],
associated with increased iy; might be considered responsible for activating outward
potassium current. Our evidence was not consistent with such a causal connexion,
however, because pirbuterol alone, and isoprenaline in the presence of §,-adrenoceptor
blockade, accelerated repolarization in the absence of any increase in V_,, or
overshoot potential. The evidence of Kass & Wiegers (1982) indicated that increased
[Ca?*]); was not the cause of action potential shortening by noradrenaline in calf
Purkinje fibres.

It is elear that the rabbit resembles man in the distribution of f8,- and fg,-
adrenoceptors in the atrium, and that in neither species could the ‘cardioselective’
f-blockers be expected to reduce heart rate to as great an extent as non-selective
compounds. It would, therefore, be appropriate to describe drugs such as atenolol
and metoprolol as ‘#,-adrenoceptor selective’ rather than ‘cardioselective’.

a-adrenoceptors

Noradrenaline administered intravenously to man causes a bradycardia, the
standard explanation for which is that the vasoconstriction induced provokes a vagal
reflex (Laurence & Bennett, 1980). Our results have shown that selective «,-, but not
a,-adrenoceptor stimulation causes bradycardia in vitro, the electrophysiological
mechanism being delayed repolarization in sino-atrial cells, an effect which could be
of significance in patients under §-blockade. It also explains the anomalous initial
bradycardia often observed in experiments on pithed rats administered noradrenaline
LV.

The existence of cardiac a-adrenoceptors has long been recognized (Govier, Mosal,
Whittington & Broom, 1966; Posner, Farrar & Lambert, 1971; Giotti et al. 1973;
Rosen, Hordof, Ilvento & Danilo, 1977) but the agonists used were only partially
selective for a-adrenoceptors and did not distinguish between «,- and a,-adreno-
ceptors. Effects on the tissue in which the occurrence of fibrillation is lethal, the
ventricular myocardium, were not studied. It has been suggested that stimulation
of a-adrenoceptors may precipitate or exacerbate arrhythmias associated with
ischaemia (Sheridan et al. 1980), and that ischaemia lasting more than 15 min (the
time at which myocardial damage becomes detectable (Braunwald, 1976)) increases
a-adrenoceptor number (Corr, Shayman, Kramer & Kipnis, 1981), which could be
explained if a-adrenoceptors were in a steady state and if ischaemic failure of
internalization preceded impairment of replenishment. Binding studies do not



542 1.D. DUKES ANDE. M. VAUGHAN WILLIAMS

identify the source of the receptors, however, which could have been on blood vessels,
and the anti-arrhythmic effect of a-adrenoceptor antagonists (Stewart, Burmeister
& Lucchesi, 1980) could have been due to their non-adrenergic actions or to abolition
of constriction in small vessels not causing gross changes in blood flow. Since
stimulation of myocardial a-adrenoceptors prolonged a.p.d. in all cardiac tissues,
including Purkinje cells and ventricular muscle, the effect should have been anti-
arrhythmic rather than arrhythmogenic (Vaughan Williams, 1980).

Corr & Sharma (1982) reported that 8-blockers were ineffective in ischaemic or
post-ischaemic arrhythmias. In ischaemia f-adrenoceptor stimulation could fail if
conditions became unfavourable for the existence of the GTP complex (Rodbell, 1980)
in the form appropriate for the production of cyclic AMP, which mediates f-adreno-
ceptor effects (Kukovetz, Poch & Wurm, 1975), in which case the existence of an
a-adrenoceptor-mediated action not requiring cyclic AMP (Brodde, Motomura,
Endoh & Schumann, 1978) could confer some evolutionary advantage, perhaps by
delaying inactivation of inward calcium current, rather than by increasing its
magnitude. In severe ischaemia [Ca?*]; rises, leading to contractures (Nayler, Yepez
& Poole-Wilson, 1978) and transient depolarizations, possibly initiated by electro-
genic sodium—calcium exchange (Mullins, 1981), in which event a further rise in
[Ca2*]; caused by a-adrenoceptor stimulation could be deleterious. It is of interest
that, after 8-blockade, a-adrenergically induced inward calcium current can be
blocked by nifedipine (Miura, Inui & Immamura, 1978), emphasizing that the
Bi-adrenoceptor stimulated mechanism for raising [Ca?*]; is pharmacologically
distinct from that blocked by nifedipine or verapamil (Harman & Poole-Wilson,
1981 ; Towart & Schramm, 1984).

Ventricular adrenoceptors and Q-T interval

Increased cardiac frequency induced by pacing causes the Q-T interval to shorten,
but the slope of the relation between inter-beat (R—R) interval and Q-T is less steep
than when frequency is increased by exercise (Vaughan Williams, 1982). Both £,- and
B.-adrenoceptors were involved in the shortening of action potential duration in
papillary muscles and Purkinje cells, so that in exercise there would be two distinct
influences tending to shorten the Q-T interval, the effect of higher frequency and the
direct action of adrenergic stimulation in shortening a.p.d. After g-blockade the
latter effect is largely cancelled by concentrations of drug insufficient to block
sympathetic action on the sinus node, and the slope of the relation between R-R and
Q-T in exercise is less steep (Vaughan Williams, Hassan, Floras, Sleight & Jones,
1980). Thus in interpretir.g the effects of drug treatments on the Q-T interval it is
advisable to measure Q-T at unchanged heart-rate (Birkhead, Vaughan Williams,
Gwilt, Tanqueray & Cazes, 1983). Furthermore, since both circulating noradrenaline
and adrenaline may rise, the effects of exertion on Q-T interval can only be
interpreted correctly if account is taken of the differential effects of a-, ;- and
B,-adrenoceptor stimulation on a.p.d. In this context Arnold, Page, Attwell, Cannell
& Eisner (1982) stated ‘both adrenaline and noradrenaline lengthen the ventricular
action potential. A slow rise of catecholamine level following the onset of exercise,
and a slow fall afterwards, cannot therefore be the cause of the slow changes of Q-T
interval.” It is not, of course, permissible to extrapolate directly from rabbits to
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man, but if human cardiac tissues are similar to those of rabbits in their responses
to adrenergic stimulation, as seems probable from previous work (Raine & Vaughan
Williams, 1980, 1981), f-adrenoceptor activation could well be responsible for a
shortening of the Q-T interval independently of any change in heart rate.

We have not studied the ionic mechanisms responsible for the effects observed, and
it is appropriate merely to mention two possible explanations for the shortening of
a.p.d. and hyperpolarization induced by S-adrenoceptor stimulation. One is that
electrogenic sodium—potassium pumping is stimulated; the other that outward
potassium current is increased. The two are not mutually exclusive, and our evidence
that both f,- and f,-adrenoceptors mediate shortening of a.p.d. as well as hyper-
polarization is consistent with either explanation. A possibility worthy of investigation
is that 8,-adrenoceptors might increase potassium permeability and that f,-receptors
stimulate the pump. Pump stimulation could not be the only factor involved,
however, because Gadsby (1983) found that in voltage-clamped canine cardiac
Purkinje cells, with the sodium—potassium pump inactivated by acetylstrophan-
thidin or by zero extracellular potassium, isoprenaline still caused outward current
to increase. It was evident that the effect was mediated by f-adrenoceptor agonists
since it was produced by isoprenaline, adrenaline and noradrenaline in the presence
of phentolamine, but the participation of f,-adrenoceptors was not excluded.

Finally, the evidence that increases in inward calcium current were mediated by
.-, not by p,-adrenoceptors was supported by the finding that the g,-agonist
pirbuterol did not augment contractions, and that the positive inotropic effect of
isoprenaline was blocked by atenolol. After both ;- and f,-adrenoceptor blockade,
noradrenaline only slightly increased peak developed tension, but substantially
prolonged both a.p.d. and contraction, again suggesting that the effect of a-
adrenoceptor stimulation was to delay removal of intracellular calcium, [Ca];, rather
than to increase its magnitude.

Gifts of drugs from ICI, Riker 3M, Pfizer, Boehringer Ingelheim and Wyeth are gratefully
acknowledged.
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