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THEOPHYLLINE AND PHENYLEPHRINE

EFFECTS ON CARDIAC RELAXATION

B.G. BENFEY

Department of Pharmacology and Therapeutics, McGill University, Montreal, Canada

1 In the driven isolated left atrium of the rabbit theophylline shortened relaxation time in a similar

manner to isoprenaline and histamine.

2 Phenylephrine lengthened relaxation time in a similar manner to calcium.

3 Theophylline caused phenylephrine to shorten relaxation time, which was inhibited by a
B-adrenoceptor blocking drug, but theophylline did not potentiate the effect of phenylephrine on peak

tension.

4 Theophylline separated drug effects on cardiac relaxation and contraction: in the presence of
theophylline at a low calcium concentration, phenylephrine shortened relaxation time by S-adrenoceptor
stimulation and increased peak tension by a-adrenoceptor stimulation. At a high calcium concentration,
theophylline potentiated the effect of isoprenaline, histamine and phenylephrine on relaxation time but

inhibited the effect on peak tension.

Introduction

The positive inotropic effect of agents such as
catecholamines and histamine is accompanied by a
rise in the myocardial concentration of cyclic
adenosine 3’,5'-monophosphate (cyclic AMP), and it
has been suggested that this nucleotide mediates the
effect of the amines on contractility. An exact
definition of the function of cyclic AMP may not be
possible until the basic steps in contractile activation
are completely understood. This study describes
mechanical effects of two inotropic drugs in which an
involvement of cyclic AMP remains controversial.

Catecholamines and histamine which stimulate the
enzyme adenylate cyclase typically shorten relaxation
time and abbreviate cardiac systole. Usually these
agents increase relaxation velocity (or relaxation rate)
more than agents which do not stimulate adenylate
cyclase. The effect is presumably related to the
stimulation by catecholamines of calcium sequestra-
tion in the sarcoplasmic reticulum (Katz, Taka &
Kirchberger, 1975).

Theophylline and the related methylxanthine,
caffeine, are believed to owe part or all of their effects
to an inhibition of the enzyme cyclic nucleotide phos-
phodiesterase and the resulting increase in tissue cyclic
AMP concentration (Sutherland & Rall, 1958; 1960).
However, methylxanthines generally slow cardiac
relaxation, which is compatible with the fact that these
drugs inhibit calcium uptake by the sarcoplasmic
reticulum (Nayler, Dunnett & Berry, 1975). Thus
methylxanthines prolonged relaxation time in cat
atrium (Blinks, Olson, Jewell & Braveny, 1972), cat

papillary muscle (Blinks et al, 1972; Henderson,
Brutsaert, Forman & Sonnenblick, 1974), and rabbit
interventricular septum (Shine & Langer, 1971). Also,
caffeine inhibited the catecholamine effect on
relaxation in rabbit papillary muscle (Gibbs, 1967)
and cat papillary muscle (Blinks et al., 1972). It has
not been reported before that a methylxanthine can
stimulate relaxation and potentiate effects of catechol-
amines and histamine on relaxation.

Methylxanthine effects on peak tension differ
quantitatively in different species. Thus in cat
papillary muscle, theophylline had no significant effect
on peak tension below a concentration of 2 mmol/l,
exerted its greatest effect on peak tension at
20 mmol/l, and prolonged systole in both of these con-
centrations (Blinks et al., 1972). In guinea-pig atrium
theophylline increased peak tension in concentrations
as low as 0.17 and 1.7 mmol/l which did not prolong
systole; 11 mM theophylline reduced peak tension and
prolonged systole (Scholz & de Yazikof, 1971). Also,
caffeine had a greater effect on peak tension in rabbit
papillary muscle than in cat or dog papillary muscle
(Bodem & Sonnenblick, 1975).

Agents which increase myocardial cyclic AMP con-
centration do not have a special effect on time to peak
tension. Methylxanthine effects on time to peak
tension differ qualitatively in different species. Methyl-
xanthines shortened time to peak tension in rabbit
interventricular septum (Shine & Langer, 1971) and
rabbit papillary muscle (Bodem & Sonnenblick, 1975),
did not change time to peak tension in guinea-pig
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atrium (Scholz & de Yazikof, 1971), and prolonged
time to peak tension in cat atrium (Blinks et al., 1972),
cat papillary muscle (Skelton, Karch, Hougen,
Marcus & Epstein, 1971; Marcus, Skelton, Grauer &
Epstein, 1972; Blinks et al., 1972; Henderson et al.,
1974; Bodem & Sonnenblick, 1975), dog papillary
muscle (Bodem & Sonnenblick, 1975), and guinea-pig
papillary muscle (Nayler ez al., 1975). It may be noted
that caffeine shortened the action potential duration in
rabbit atrium (Yanaga & Holland, 1969) but
prolonged it in heart preparations of other species,
e.g., the guinea-pig atrium (De Gubareff & Sleator,
1965).

Phenylephrine increases peak tension in isolated
mammalian heart preparations without stimulating
adenylate cyclase or raising the cyclic AMP con-
centration (Benfey, 1971; Osnes & @ye, 1975; Picken
& Jarrott, 1975). In the driven left atrium of the rabbit
phenylephrine increased peak tension and prolonged
refractory period through a-adrenoceptor stimulation;
in the spontaneously beating right atrium of the rabbit
phenylephrine increased rate through S-adrenoceptor
stimulation (Benfey, 1973). Effects of phenylephrine
on the duration of cardiac systole have not been
reported before.

Methods

Strips of rabbit left atrium were suspended at 31°C in
a solution containing (mM): Na* 139.8, K+ 5.9, Mg?+
1.2, Ca?* 0.9 or 3.2, CI- 120.5 or 122.8, HCOs 24.9,
H,PO; 1.2, SO} 1.2, glucose 10, and disodium
edetate 0.03, which was aerated with 5% CO, in O,.
The muscles were stimulated with square-wave pulses
of 1 ms duration and a voltage just above threshold at
a rate of 1 Hz. Tension was recorded isometrically,
and times to peak tension and to complete relaxation
were estimated from oscilloscope recordings.
Incubation with theophylline was for 20 minutes.
Dose-response curves for isoprenaline, phenylephrine,
and histamine were obtained cumulatively.

The drugs included theophylline, (—)-phenylephrine
hydrochloride (K & K Laboratories), (—)-isoprenaline
bitartrate dihydrate (Winthrop), histamine dihydro-
chloride (Hoffman-La Roche), and propranolol
hydrochloride (Ayerst, McKenna & Harrison).

Results
Theophylline

In concentrations of 0.1, 0.3, and 1 mmol/l
theophylline increased peak tension, contraction
velocity (or rate of tension rise), and relaxation
velocity, and decreased time to peak tension and time
to complete relaxation (Figures 1 and 2). There were
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Figure 1 Effects of theophylline at 0.9 mmol/l

[Ca?*], in the absence (O) and presence of 1 umol/l
propranolol () and at 3.2 mmol/l [Ca?*], (A), and
effects of calcium. Means of 9-24 experiments.
Vertical lines show s.e. *P<0.05,compared to control
(C or 0.9 mmol/l [Ca?*],).

some exceptions: at the lowest concentration
(0.1 mmol/1) theophylline did not shorten time to peak
tension at 0.9 mmol/l [Ca?*],, did not increase peak
tension at 3.2 mmol/l [Ca?*t],, and did not increase
contraction velocity or relaxation velocity; at the
highest concentration (1 mmol/l) theophylline did not
shorten time to peak tension.

The effects of theophylline were not inhibited by the
B-adrenoceptor blocking drug propranolol (Figures 1
and 2).

Calcium

Increasing [CaZ*], from 0.9 to 3.2 mmol/l increased
peak tension, time to peak tension, relaxation time,
contraction velocity, and relaxation velocity (Figures
1 and 2).



Relaxation velocity (g/s)

Contraction velocity (ds)

H

T

\

\

k&

*
T

?
S S | L 1 L
c a4 3 3 25
-log theophylline -log Ca®*
(molll) (mol/1)

Figure 2 As for Figure 1.

Isoprenaline

Isoprenaline increased peak tension and reduced time
to peak tension and relaxation time (Figure 3). All
these effects were potentiated by theophylline at
0.9 mmol/l [Ca?*],. Thus at 0.9 mmol/l [Ca?*], the
ED;, of isoprenaline for the effect on peak tension was
6.3nmol/l in the absence, and 1.1nmol/l in the
presence, of 1 mmol/l theophylline.

At 3.2 mmol/l [Ca’t], the ED;, of isoprenaline
for the effect on peak tension was 2.2 nmol/litre.
Theophylline potentiated the effects of isoprenaline on
time to peak tension and relaxation time at the higher
calcium concentration but inhibited the effect of
isoprenaline on peak tension.

Effects of histamine were similar to those of
isoprenaline, both in the absence and presence of
theophylline, and at 0.9 and 3.2 mmol/l [Ca*t],. The
ED;, of histamine for the effect on peak tension was
8.9 umol/l in the absence, and 1.9 umol/l in the
presence, of 1 mmol/l theophylline at 0.9 mmol/l
[Ca?t],, and 5.6 umol/l at 3.2 mmol/l [Ca?*],.

Phenylephrine

Phenylephrine increased peak tension and time to
complete relaxation and did not significantly change
time to peak tension (Figure 4).

Theophylline caused phenylephrine to shorten
relaxation time, but theophylline did not potentiate the
phenylephrine effect on peak tension. The ED,, of
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phenylephrine for the effect on peak tension at
0.9 mmol/l [Ca?*], was 1.4 pmol/l in the absence, and
1.7 umol/l in the presence, of 1 mmol/l theophylline.
In the presence of theophylline and propranolol,
phenylephrine did not shorten relaxation time.
Propranolol did not inhibit the effect of phenylephrine
on peak tension; the EDs, of phenylephrine for the
inotropic effect was 2.0 umol/l in the presence of
0.3 mmol/! theophylline and 1 umol/l propranolol.

At 3.2 mmol/l [Ca?*], the EDs, of phenylephrine
for the effect on peak tension was 0.93 umol/litre.
Theophylline caused phenylephrine to shorten time to
peak tension and relaxation time at the high calcium
concentration and inhibited the phenylephrine effect
on peak tension.

Discussion

It is not known why theophylline shortens relaxation
time in rabbit atrium and lengthens relaxation time in
rabbit ventricle. It may be assumed that theophylline
stimulates calcium sequestration in rabbit atrium in a
similar manner to isoprenaline and histamine.
Whether this effect is due to inhibition of cyclic
nucleotide phosphodiesterase and an increase in
myocardial cyclic AMP concentration is not known.
Theophylline has been reported both to increase cyclic
AMP in guinea-pig heart (Kukovetz & Poch, 1971;
Watanabe & Besch, 1974; Kukovetz, Poch & Wurm,
1975) and not to increase cyclic AMP in guinea-pig
and rat heart (McNeill, Coutinho & Verma, 1974), rat
heart slices (LaRaja & Reddy, 1969), and rat atrium
(Birnbaum, Abel, Amidon & Buckner, 1975).

Theophylline potentiated the effect of noradrenaline
(Rall & West, 1963) and histamine on peak tension
(Kukovetz, Poch & Wurm, 1973), but theophylline
did not potentiate the effect of phenylephrine on peak
tension (Hamakawa, Shimizu & Toda, 1973). Thus
there is a difference between agents that stimulate
adenylate cyclase and phenylephrine which does not
stimulate this enzyme. But there is no evidence that
potentiation by methylxanthines is associated with an
increase in cyclic AMP concentration. The
potentiation of the inotropic effect of noradrenaline
and histamine by theophylline was not accompanied
by a rise in cyclic AMP (McNeill ez al., 1974).

It should be noted that inhibition of cyclic
nucleotide phosphodiesterase(s) by methylxanthines
interferes with the breakdown not only of cyclic AMP
but also of cyclic guanosine 3’,5'-monophosphate
(cyclic GMP) (Hardman & Sutherland, 1969;
Goldberg, O’Dea & Haddox, 1973). Stimulation of
guanylate cyclase by muscarinic agents increases
tissue cyclic GMP levels (Goldberg, Haddox, Nicol,
Glass, Sanford, Kuehl & Estensen, 1975). Acetyl-
choline increased the cyclic GMP concentration in
guinea-pig ventricle, antagonized the inotropic effect
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Figure 3 Effects of isoprenaline (a) at 0.9 mmol/l [Ca2*], and (b) at 3.2 mmol/I [Ca?*], in the absence (O) and
presence of 1 mmol/l theophylline (®). Means of 4—10 experiments. Vertical lines show s.e. *P < 0.05, compared to

control (C).

of isoprenaline and histamine, and did not inhibit the
rise in cyclic AMP concentration produced by
isoprenaline and histamine; it was suggested that
cyclic GMP inhibits the inotropic effect of cyclic AMP
(Watanabe & Besch, 1975). Can we assume that in
the presence of theophylline the positive inotropic
effect of cyclic AMP outweighs the negative inotropic
effect of cyclic GMP? We have no data on myocardial
cyclic GMP levels in the presence of theophylline.

There is controversy about the existence of calcium
currents and the involvement of calcium-triggered
calcium release from the sarcoplasmic reticulum in
contractile activation. Catecholamines, histamine, and
methylxanthines which increased cyclic AMP in
guinea-pig hearts increased the rate of calcium entry
via a slow inward current; ouabain or glucagon which
did not increase cyclic AMP had no effect on the slow
inward current (Thyrum, 1974; Watanabe & Besch,
1974).

It has been suggested that in cat, dog and rat heart
contraction might be initiated largely by calcium
released from stores near the myofilaments, most
probably the sarcoplasmic reticulum, whereas in
rabbit heart activating calcium might originate from
superficial sites in the cell (Henderson et al., 1974;
Bodem & Sonnenblick, 1975). A methylxanthine
might reduce the amount of calcium available to be
released from internal stores by impairing sequestra-
tion, but might allow an increased calcium influx to
exceed the concurrent sequestration rate during
contraction so that the free calcium at the active sites
rises. The effect of the methylxanthine on peak tension
would then depend upon the relative contribution of
calcium influx and calcium released from internal
stores, and upon the extent to which these are affected
by the methylxanthine.

Theophylline inhibited the effect of isoprenaline,
histamine and phenylephrine on peak tension in rabbit
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Figure 4 Effects of phenylephrine (a) at 0.9 mmol/l [Ca?*], and (b) at 3.2 mmol/I [Ca%*], in the absence (O)
and presence of 1 mmol/l theophylline (®) and 1 umol/l propranolol and 0.3 mmol/I theophylline (). Means of
4-9 experiments. Vertical lines show s.e. *P < 0.05, compared to control (C).

atrium when the calcium concentration was high
(3.2 mmol/litre). It could be suggested that the strong
effect of the drugs on relaxation interfered with the
effect on tension and terminated contraction
prematurely (Reiter & Schober, 1965; Kavaler &
Morad, 1966).

Contracture did not occur in rabbit atrium in the
presence of theophylline at 3.2 mmol/l [Ca?t],. In
guinea-pig atrium 2.8 mmol/l theophylline, which
produced the maximal increase in peak tension at
1.8 mmol/l [Ca?*],, caused contracture when [Ca?**],

References

BENFEY, B.G. (1971). Lack of relationship between
myocardial cyclic AMP concentrations and inotropic
effects of sympathomimetic amines. Br. J. Pharmac., 43,
757-763.

was increased to 3.6 mmol/l (Scholz & de Yazikof,
1971).

In conclusion, it is evident that there are species
differences in the mechanism of the inotropic effect of
theophylline. Also, it appears that drugs exert their
effect on relaxation independently of their effect
on contraction, which has been proposed for
catecholamines (Morad & Rolett, 1972).

This study was supported by a grant from the Medical
Research Council of Canada.

BENFEY, B.G. (1973). Characterization of a-adrenoceptors
in the myocardium. Br. J. Pharmac., 48, 132—138.

BIRNBAUM, J.E,, ABEL, P.W,, AMIDON, G.L. & BUCKNER,
C.K. (1975). Changes in mechanical events and



80 B.G. BENFEY

adenosine  3',5'-monophosphate levels induced by
enantiomers of isoproterenol in isolated rat atria and
uteri. J. Pharmac. exp. Ther., 194, 396—409.

BLINKS, J.R., OLSON, C.B., JEWELL, B.R. & BRAVENY, P.
(1972). Influence of caffeine and other methylxanthines
on mechanical properties of isolated mammalian heart
muscle. Evidence for a dual mechanism of action.
Circulation Res., 30, 367—-392.

BODEM, R. & SONNENBLICK, E.H. (1975). Mechanical
activity of mammalian heart muscle: variable onset,
species differences, and the effect of caffeine. Am. J.
Physiol., 228, 250-261.

DE GUBAREFF, T. & SLEATOR, JR., W. (1965). Effects of
caffeine on mammalian atrial muscle, and its interaction
with adenosine and calcium. J. Pharmac. exp. Ther.,
148, 202-214.

GIBBS, C.L. (1967). Role of catecholamines in heat
production in the myocardium. Circulation Res., 20 &
21, I11, 223-230.

GOLDBERG, N.D., HADDOX, M.K., NICOL, S.E., GLASS,
D.B., SANFORD, C.H., KUEHL, JR., F.A. & ESTENSEN,
R. (1975). Biological regulation through opposing
influences of cyclic GMP and cyclic AMP: the Yin Yang
hypothesis. In Advances in Cyclic Nucleotide Research,
Vol. 5, ed. Drummond, G.I., Grengard, P. & Robison,
G.A., pp. 307-330. New York: Raven Press.

GOLDBERG, N.D., O’'DEA, R.F. & HADDOX, M.K. (1973).
Cyclic GMP. In Advances in Cpyclic Nucleotide
Research, Vol. 3, ed. Greengard, P. & Robison, G.A.,
pp. 155—-223. New York: Raven Press.

HAMAKAWA, H. SHIMIZU, T. & TODA, N. (1973).
Interactions of phenylephrine and theophylline in con-
tractility and excitability of isolated rabbit left atria. Jap.
J. Pharmac., 23, 373-379.

HARDMAN, J.G. & SUTHERLAND, E.W. (1969). Guanyl
cyclase, an enzyme catalyzing the formation of
guanosine 3',5’-monophosphate from guanosine
triphosphate. J. biol. Chem., 244, 6363—6370.

HENDERSON, A.H., BRUTSAERT, D.L., FORMAN, R. &
SONNENBLICK, E.H. (1974). Influence of caffeine on
force development and force-frequency relations in cat
and rat heart muscle. Cardiovasc. Res., 8, 162—172.

KATZ, AM. TAKA, M. & KIRCHBERGER, M.A. (1975).
Control of calcium transport in the myocardium by the
cyclic AMP-protein kinase system. In Advances in Cyclic
Nucleotide Research, Vol. 5, ed. Drummond, G.I,
Greengard, P. & Robison, G.A., pp. 453-472. New
York: Raven Press.

KAVALER, F. & MORAD, M. (1966). Paradoxical effects of
epinephrine on excitation-contraction coupling in cardiac
muscle. Circulation Res., 18,492—-501.

KUKOVETZ, W.R. & POCH, G. (1971). The positive
inotropic effect of cyclic AMP. In Advances in Cyclic
Nucleotide Research, Vol. 1, ed. Greengard, P., Robison,
G.A. & Paoletti, R., pp. 261-290. New York: Raven
Press.

KUKOVETZ, W.R., POCH, G. & WURM, A. (1973). Effect of
catecholamines, histamine and oxyfedrine on isotonic
contraction and cyclic AMP in the guinea-pig heart.
Naunyn-Schmiedebergs Arch. Pharmac., 278, 403—424.

KUKOVETZ, W.R., POCH, G. & WURM, A. (1975).
Quantitative relations between cyclic AMP and
contraction as affected by stimulators of adenylate
cyclase and inhibitors of phosphodiesterase. In Advances

in Cyclic Nucleotide Research, Vol. 5, ed. Drummond,
G.I, Greengard, P. & Robison, G.A., pp. 395—-414. New
York: Raven Press.

LARAJA, P.J. & REDDY, W.J. (1969). Hormonal regulation
of myocardial adenosipe 3',5'-monophosphate. Biochim.
biophys. Acta, 171, 189-195.

MARCUS, M.L., SKELTON, C.L., GRAUER, L.E. & EPSTEIN,
S.E. (1972). Effects of theophylline on myocardial
mechanics. Am. J. Physiol., 222, 1361-1365

MCNEILL, J.H., COUTINHO, F.E. & VERMA, S.C. (1974).
Lack of interaction between norepinephrine or histamine
and theophylline on cardiac cyclic AMP. Can. J.
Physiol. Pharmac., 52, 1095—-1101.

MORAD, M. & ROLETT, E.L. (1972). Relaxing effects of
catecholamines on mammalian heart. J. Physiol., Lond.,
224, 537-558.

NAYLER, W.G., DUNNETT, J. & BERRY, D. (1975). The
calcium accumulating activity of subcellular fractions
isolated from rat and guinea pig heart muscle. J. mol.
cell. Cardiol., 7,275-288.

OSNES, J.B. & @YE, L. (1975). Relationship between cyclic
AMP metabolism and inotropic response of perfused rat
hearts to phenylephrine and other adrenergic amines. In
Advances in Cyclic Nucleotide Research, Vol. 5, ed.
Drummond, G.I., Greengard, P. & Robison, G.A., pp.
415-433. New York: Raven Press.

PICKEN, G.M. & JARROTT, B. (1975). Cardiac adenylate
cyclase—II. Structure-activity relationships for the
activation of rat ventricle adenylate cyclase by p-
adrenoceptor agonists. Biochem. Pharmac., 24,
2255-2261.

RALL, T.W. & WEST, T.C. (1963). The potentiation of
cardiac inotropic responses to norepinephrine by
theophylline. J. Pharmac. exp. Ther., 139, 269-274.

REITER, M. & SCHOBER, H.G. (1965). Die positiv inotrope
Adrenalinwirkung auf den Meerschweinchen-
Papillarmuskel bei Variation der ausseren Calcium- und
Natriumkonzentration. Naunyn-Schmiedebergs Arch.
Pharmak., 250, 9-20.

SCHOLZ, H. & DE YAZIKOF, E. (1971). Uber den
Mechanismus der positiv inotropen Wirkung von
Theophyllin am Warmbluterherzen. I. Einfluss der ex-
tracellularen Ca-, Na- und K-Konzentration und von
Reserpin. Naunyn-Schmiedebergs Arch. Pharmak., 271,
374-395.

SHINE, K.I. & LANGER, G.A. (1971). Caffeine effects upon
contraction and calcium exchange in rabbit myocardium.
J. mol. cell. Cardiol., 3,255-270.

SKELTON, C.L., KARCH, F.E, HOUGEN, TJ., MARCUS,
M.L. & EPSTEIN, S.E. (1971). Potentiation of the
inotropic effects of norepinephrine and dibutyryl cyclic
AMP by theophylline. J. mol. cell. Cardiol., 3, 243-253.

SUTHERLAND, E.W. & RALL, T.W. (1958). Fractionation
and characterization of a cyclic adenine ribonucleotide
formed by tissue particles. J. biol. Chem., 232,
1077-1090.

SUTHERLAND, E.W. & RALL, T.W. (1960). The relation of
adenosine-3',5’-phosphate and phosphorylase to the
actions of catecholamines and other hormones.
Pharmac. Rev., 12, 265-299.

THYRUM, P.T. (1974). Inotropic stimuli and systolic
transmembrane calcium flow in depolarized guinea-pig
atria. J. Pharmac. exp. Ther., 188, 166—179.

WATANABE, AM. & BESCH, JR., HR. (1974). Cyclic



adenosine monophosphate modulation of slow calcium
influx channels in guinea pig hearts. Circulation Res., 35,
316-324.

WATANABE, AM. & BESCH, JR., H.R. (1975). Interaction
between cyclic adenosine monophosphate and cyclic
guanosine monophosphate in guinea pig ventricular
myocardium. Circulation Res., 37, 309-317.

THEOPHYLLINE AND CARDIAC RELAXATION 81

YANAGA, T. & HOLLAND, W.C. (1969). Effect of
manganese on transmembrane potential and contractility
of atrial muscle. Am. J. Physiol., 217, 1280—1286.

(Received April 21, 1976.)



