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SUMMARY

1. The effect of adenosine on left ventricular contractility and developed
tension was studied in the anaesthetized intact dog. Normal and pro-
pranolol-treated animals were used. Adenosine was infused through a
catheter into one of the two main branches of the left coronary artery,
usually the circumflex branch. The rate of infusion was 150 x 10-9 M/min.
The infusion was maintained during 50 min.

2. In both series of animals, no change was observed in the heart rate,
aortic pressure, left ventricular end-diastolic pressure, time from onset of
left ventricular contraction to peak dP/dt, peak dP/dt and left ventricular
tension-time index. It is concluded that a regional increase in adenosine
concentration in the left ventricular wall has no inotropic effect when the
adrenergic mechanisms are normal or depressed.

3. The myocardial blood flow response to adenosine was determined at
the 10th, 30th and 50th min of the infusion by the radioactive inert gas
method. At the 10th min of the infusion, the myocardial blood flow
averaged three times the control value in both series of dogs. Thereafter,
the flow response remained stable in the normal dogs but declined at the
50th min of the infusion in the propranolol-treated animals. It is suggested
that autoregulation of the coronary circulation in response to overperfusion
of the myocardium at constant cardiac work may be enhanced at the
lower myocardial oxygen requirements of the propranolol-treated dogs
while, in the normal animals, it was insufficient to overcome the potent
coronary dilator action of adenosine.
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INTRODUCTION

Since the initial report of Drury & Szent-Gy6rgyi (1929), the effect of
adenosine on the cardiac muscle has been repeatedly investigated on
isolated preparations. An increase in the rate of repolarization and a
reduction of the strength of contraction have been demonstrated on rat,
guinea-pig and human atrial muscle (Johnson & McKinnon, 1956; Hollander
& Webb, 1957; de Gubareff & Sleator, 1965). By contrast, no effect on the
membrane resting or action potential has been found in guinea-pig
ventricular fibres exposed to concentrations up to 185 x 10-6 M (Johnson &
McKinnon, 1956) and, when a constant heart rate was maintained, no
change in the amplitude of the ventricular myogram could be detected in
the earlier studies on isolated rabbit hearts submitted to injections of doses
up to 74 x 10- moles (2-0 mg) into the perfusion fluid (Wedd, 1931;
Drury, 1932). Recently, however, Buckley (1970a, b) reported that adeno-
sine increased the left ventricular contractile force in Langendorff pre-
parations of rabbit hearts perfused with a 20 x 10-6 M solution and reduced
this force in propranolol-treated or noradrenaline-depleted preparations.
This author inferred that adenosine exerts a positive inotropic effect
secondary to the release of myocardial noradrenaline.

It thus appears of interest to examine the effect of adenosine on the
functional state of the left ventricle in the intact animal. Indeed, adeno-
sine is continuously released by the myocardial cells into the surrounding
interstitial fluid and its release is enhanced by coronary occlusion or hypo-
xaemia (Katori & Berne, 1966; Rubio & Berne, 1969; Rubio, Berne &
Katori, 1969; Olsson, 1970). However, other than during hypoxaemia, the
whole heart is not likely to be exposed to high adenosine concentrations as in
experiments on isolated hearts or in animals submitted to an i.v. infusion
of this substance. Moreover, an i.v. infusion of adenosine would introduce
additional effects due to arterial hypotension and adrenergic discharge
(Lammerant, Becsei, Mertens-Strijthagen & De Schryver, 1970). In the
present study, therefore, adenosine was infused through a catheter into
one of the two main branches of the left coronary artery in anaesthetized
intact dogs. Normal and propranolol-treated animals were used.

METHODS

Mongrel dogs, weighing between 19 and 36 kg, were used. They were premeditated
with morphine hydrochloride (2 mg/kg, I.M.) and anaesthetized 30 min later with
sodium pentobarbitone (30 mg/kg, I.v.). The trachea was cannulated and artificial
ventilation was initiated by means of a Starling pump, using room air. No curari-
form drugs were used. The rate of the pump was 12/min in all experiments and tidal
volume was adjusted to stabilize the arterial blood pH before starting the first
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measurements. The mean value + S.D. of the control arterial blood pH was 7-41 +
0-04 (Instrumentation Laboratory Inc., Boston, Mass., model 113 pH and blood gas
analyzer). A standard dose of 50 mg of heparin was given i.v. at 30 min intervals.
The animals were studied in the right lateral position. Zero reference for pressure
measurements was at the mid-chest level. Thomson Medical Telco (Saint Cloud,
France) pressure transducers, multichannel oscillograph and photographic recorder
were used.

Catheters were placed fluoroscopically into the aortic root, left ventricle and left
coronary artery. The left ventricular pressure was sensed with a No. 8 micro-
manometer catheter (MSD 8) inserted via a brachial or a femoral artery. The first
derivative of left ventricular pressure with regard to time (dP/dt) was recorded by
means of a differentiator (DE 53) connected to the output from the pressure channel.
An electrocardiogram and the ventilatory pressure cycles in the tracheal cannula
were simultaneously obtained. Left ventricular end-diastolic pressure, time from
onset of left ventricular contraction to peak dP/dt, peak dP/dt and left ventricular
tension-time index (Sarnoff, Braunwald, Welch, Case, Stainsby & Macruz, 1958)
were averaged during the post-expiratory resting phase over several ventilatory
cycles, using high speed recordings. Zero reference for the micro-manometer pressure
curve was determined on the record by superimposing another ventricular pressure
curve obtained from the lumen of the micro-manometer catheter and an external
transducer (RA 9). An expanded scale of calibration was used for end-diastolic
pressure measurements.
The left coronary artery was catheterized with a no. 6-5 double lumen catheter

(Rashkind septostomy catheter with balloon removed) to allow tracer injections
without interrupting the intracoronary infusion of adenosine. This catheter was
advanced via the left common carotid artery and positioned 1-5-2-0 cm into the
coronary artery with a minimal pressure drop (0-6 mm Hg) between the aorta and
the tip of the catheter. To prevent displacement, it was fastened in the neck of the
animal. Its position was reconfirmed at autopsy. The myocardial blood flow was
determined with the radioactive inert gas method by using precordial counting of
the myocardial clearance rate of 86Kr after intracoronary injection of the tracer
(Herd, Hollenberg, Thorburn, Kopald & Barger, 1962; Ross, Ueda, Lichtlen & Rees,
1964). Details of instrumentation and procedure have been described previously
(Lammerant et al. 1970). The flow value (ml./100 g.min) was derived from the
initial linear portion of the semi-logarithmic slope of the clearance curve without
'curve peeling', the actual flow being more accurately measured by the initial slope
method than by curve peeling (Bassingthwaighte, Strandell & Donald, 1968).
The pressure and flow measurements were performed 10 min before starting the

infusion of adenosine (control period) and at the 10th, 30th and 50th min of the
infusion. Adenosine dissolved in isotonic saline solution was infused into the coronary
artery at a rate of 150 x 10-9 M/min. In four experiments, adenosine dissolved in dis-
tilled water was used without modifying the results. The solution was delivered at
a rate of 0-5 ml./min by means of a Braun pump. In the control period, isotonic
saline solution was infused into the coronary artery at an identical rate. Two series
of animals were studied, ten normal dogs and nine dogs pre-treated with propranolol
hydrochloride (2 mg/kg, i.v.). As confirmed by the position of the catheter at
autopsy, adenosine was infused into the anterior descending branch of the left
coronary artery in one dog of each series and into the circumflex branch in all other
dogs.

Drugs. The adenosine used was from E. Merck A.G. and propranolol from Imperial
Chemical Industries, Ltd.
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RESULTS

All values reported in the Tables are means + s.E. Changes that occurred
during the intracoronary infusion of adenosine were analysed statistically
by the t test for paired values. A P value less than 0-05 was considered to
indicate significance.
During the 50 min infusion period, the heart rate, aortic mean and

diastolic pressures, left ventricular end-diastolic pressure, time from onset
of left ventricular contraction to peak dP/dt, peak dP/dt and left ventri-

TABLE 1. Heart rate, aortic pressure and left ventricular pressure in ten normal dogs
submitted to a continuous infusion of adenosine (150 x 10-9 /min) into the left
coronary artery. Values are means + S.E. P refers to mean change from control

Parameter

Heart rate (beats/min)

Aortic pressure
Mean (mm Hg)

Diastolic (mm Hg)

Left ventricular pressure
End-diastolic (mm Hg)

Time to peak dP/dt (msec)

Peak dP/dt (mm Hg/sec)

Tension-time index (mm
Hg . seclmin)

Control

Adenosine infusion

10 min 30 min 50 min

109 + 9 110 + 9 111+ 10 109 + 10
(P > 0.7) (P > 0-8) (P > 0.9)

136±5 135+4
(P > 0-7)

118+4 118+4
(P > 0-9)

3-5 + 0-5 3-8 ± 0-8
(P > 0-4)

65+2 64+2
(P > 0-3)

1828+ 74 1872+ 74
(P > 0.2)

2760+ 198 2779+ 201
(P > 0-7)

136 ± 4
(P > 0-9)
119± 4
(P > 0-5)

4-0+0-7
(P > 0-2)
64+2
(P > 0-3)
1854 + 67
(P > 0-6)
2758 + 202
(P > 0-9)

136 + 4
(P > 0-8)
118+ 4
(P > 0-9)

4-0± 0-6
(P > 0-2)
66+2
(P > 0-5)
1784 + 89
(P > 0-5)
2693 + 208
(P > 0-3)

cular tension-time index did not deviate significantly from the control
values. Stability of these parameters was observed both in the normal dogs
(Table 1) and the propranolol-treated animals (Table 2).
In both series of dogs, the myocardial blood flow averaged three times

the control value at the 10th min of the infusion. Thereafter, the myo-
cardial blood flow response did not change significantly in the normal dogs
but was found to be reduced at the 50th min of the infusion in the pro-
pranolol-treated animals (Table 3).
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TABLE 2. Heart rate, aortic pressure and left ventricular pressure in nine dogs pre-
treated with propranolol (2 mg/kg, i.v.) and submitted to a continuous infusion of
adenosine (150 x 10-9 M/min) into the left coronary artery. Values are means + S.E.
P refers to mean change from control

Parameter Co

Heart rate (beats/min) 92 +

Aortic pressure
Mean (mm Hg) 126:

Diastolic (mm Hg) 108

Left ventricular pressure
End-diastolic (mm Hg) 7-3

Time to peak dP/dt (msec) 69 ±

Peak dP/dt (mm Hg/sec) 157'

Tension-time index (mm 253X
Hg. sec/min)

Adenosine infusion
A 5

ntrol 10 min 30m 50 min

3 90+3 91+3 92+2
(P > 0.2) (P > 0.7) (P > 0-9)

±5 126+6
(P > 0.5)

+5 107+6
(P > 0-3)

:1-4 7-0+1-4
(P > 0.1)

4 69+4
(P > 0-9)

2 + 183 1599 + 192
(P > 0-1)

7+ 225 2460+ 221
(P > 0-1)

127 + 6
(P > 0-5)
104 + 3*
(P > 0-7)

7-1 + 1-6
(P > 0-8)
71+4
(P > 0-2)
1575+ 183
(P > 0-8)
2501 + 234
(P > 0-5)

126 ± 5
(P > 0-6)
109 + 5
(P > 0-4)

6-9 + 1-6
(P > 0-4)
69+4
(P > 0-9)
1546+ 191
(P > 0-4)
2481 + 241
(P > 0-4)

* Eight dogs only.

TABLE 3. Myocardial blood flow response to the continuous infusion of adenosine
(150 x 10-9 m/min) into the left coronary artery. Values are means ± s.E. P refers to
mean change between observations

Dogs

Normal (no. 10)

Propranolol-treated (no. 9)

Myocardial blood flow (ml./100 g.min)

Adenosine infusion

Control 10 min 30 min 50 min

97+ 6 286+ 12 295± 20 271+ 16

P < 0-001 P > 0-6,~~~~
P > 0-3

72 + 3 209+ 24 195+ 16 149+13
k

Y

P < 0-001 P > 0-5

P < 0-05
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DISCUSSION

The rate of adenosine infusion was selected on the basis of a study by
Rubio et al. (1969) who found that less than 5% of the adenosine infused
at a rate of 100 to 200 x 10-9 m/fin into the circumflex branch of the left
coronary artery could be recovered in the coronary sinus blood. The absence
of arterial hypotension in our experiments indicates that the infused
adenosine did not leave the heart in amounts sufficient to lower the
systemic resistance. It may thus be considered that the action ofexogenous
adenosine was confined to the heart.
Adenosine is known to slow the heart rate (Drury & Szent-Gy6rgyi,

1929) as a result of a direct action on the sino-atrial pace-maker (James,
1965). This negative chronotropic effect persists after propranolol admini-
stration (Buckley, 1970a). In all dogs but two, adenosine was infused into
the circumflex branch of the left coronary artery. Bradyeardia did not
occur, as was also observed by Hirche (1966). This is consistent with the
fact that the sinus node in most canine hearts receives its main blood
supply from the right atrial artery (Hashimoto, Tanaka, Hirata & Chiba,
1967). The lowered resistance in the atrial branches of the circumflex
coronary artery probably diverted blood from right to left through the
anastomotic network between the dorsal right and the ventral left atrial
artery around the superior vena cava (Hashimoto et al. 1967), thereby
preventing adenosine from reaching the sinus node.

Since heart rate, left ventricular end-diastolic pressure (pre-load) and
aortic diastolic pressure (after-load) were not modified by the infusion, the
stability of both the time from onset of left ventricular contraction to peak
dP/dt and the value of left ventricular peak dP/dt indicates that adenosine
did not affect the velocity of contraction of the left ventricular muscle
mass (Gleason & Braunwald, 1962; Mason, 1969; Morgenstern, Arnold,
H6ljes & Lochner, 1970). The tension developed by the left ventricle, as
measured by the tension-time index (Sarnoff et al. 1958), was also un-
affected. Since only one of the two main branches of the left coronary
artery was infused, it is unlikely that the entire left ventricular muscula-
ture was exposed to an increased concentration of adenosine. However, it
would be difficult to conceive that a definite positive or negative inotropic
effect in the area supplied by a main branch of the left coronary artery
would not modify the functional state of the whole left ventricle over a
50 min period.

It is thus concluded that a regional increase in adenosine concentration
in the left ventricular wall has no effect on the contractile properties of the
left ventricle. Our results confirm and extend the earlier studies on isolated
rabbit hearts (Wedd, 1931; Drury, 1932). As mentioned in the Introduc-
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tion, Buckley (1970a, b) observed that adenosine increased the left ventri-
cular contractile force in Langendorff preparations of rabbit hearts and
reduced this force in propranolol-treated or noradrenaline-depleted pre-
parations. He concluded that adenosine exerts a positive inotropic effect
secondary to the release of myocardial noradrenaline. Our experiments do
not confirm this conclusion in the intact animal with a regional increase in
adenosine concentration in the left ventricular wall. From the present
study, it is inferred that adenosine diffusing from an ischaemic area of the
left ventricle has no direct effect on the functional state of the surrounding
well oxygenated myocardium when the adrenergic mechanisms are normal
or depressed.
The myocardial blood flow response to adenosine was stable in the

normal dogs but declined with time in the propranolol-treated animals.
The reason for the discrepancy remains conjectural. Indeed, f8- adrenergic
receptor blockade does not influence the coronary dilator action of adeno-
sine (Hirche, 1966; Buckley, 1970a; Paoloni & Wilcken, 1971; Pauly &
Bittar, 1971). Furthermore, as discussed above, left ventricular contract-
ility and developed tension were unaffected by the infusion and remained
remarkably stable throughout the 50 min observation period in both series
of dogs. Nevertheless, autoregulation remains a possibility since it has
been shown that overperfusion of the myocardium at constant aortic
pressure and cardiac work leads to an increase in resistance reducing the
coronary flow toward control value (Berne, 1964). The exact mechanism
of autoregulation in response to overperfusion at constant cardiac work
is still unknown but the magnitude of the myocardial oxygen requirements
cannot be excluded as a determining factor. Although the effect was much
delayed in our experiments, it may be hypothesized that the autoregula-
tory mechanism was enhanced at the lower myocardial oxygen require-
ments of the propranolol-treated dogs while, in the normal dogs, it was
insufficient to overcome the potent coronary dilator action of adenosine.

This work was aided by research grants from the Fonds National de la Recherche
Scientifique of Belgium. We are grateful to Mr E. Delhaye for his technical assistance.

REFERENCES

BASSINGTHwAIGHTE, J. B., STRANDELL, T. & DONALD, D. E. (1968). Estimation of
coronary blood flow by washout of diffusible indicators. Circulation Res. 23,
259-278.

BERNE, R. M. (1964). Regulation of coronary blood flow. Physiol. Rev. 44, 1-29.
BucxTsY, N. M. (1970a). Cardiac effects of nucleosides after propranolol treatment

of isolated hearts. Am. J. Physiol. 218, 1399-1405.
Buc-KTY, N. M. (1970b). Role of endogenous norepinephrine in cardiac inotropic

effects of nucleosides. Archs int. Pharmacodyn. Ther. 188, 92-104.

47



48 J. LAMMERANT AND I. BECSEI
DE GUBAREFF, T. & SLEATOR, W. (1965). Effects of caffeine on mammalian atrial

muscle, and its interaction with adenosine and calcium. J. Pharmac. exp. Ther.
148, 202-214.

DRURY, A. N. (1932). Nucleic acid derivatives and the heart beat. J. Physiol. 74,
147-155.

DRURY, A. N. & SZENT-GY6RGYI, A. (1929). The physiological activity of adenine
compounds with especial reference to their action upon the mammalian heart.
J. Physiol. 68, 213-237.

GLEASON, W. L. & BRAUNWALD, E. (1962). Studies on the first derivative of the
ventricular pressure pulse in man. J. clin. Invest. 41, 80-91.

HASHIMOTO, K., TANAKA, S., HIRATA, M. & CHIBA, S. (1967). Responses of the sino-
atrial node to change in pressure in the sinus node artery. Circulation Res. 21,
297-304.

HERD, J. A., HOLLENBERG, M., THORBURN, G. D., KOPALD, H. H. & BARGER, A. C.
(1962). Myocardial blood flow determined with krypton 85 in unanesthetized dogs.
Am. J. Physiol. 203, 122-124.

HIRcHE, HJ. (1966). Die Wirkung von Isoproterenol, Adrenalin, Noradrenalin und
Adenosin auf die Durchblutung und den 02-Verbrauch des Herzmuskels vor
und nach der Blockierung der /-Receptoren. Pflugers Arch. ges. Physiol. 288,
162-185.

HOLLANDER, P. B. & WEBB, J. L. (1957). Effects of adenine nucleotides on the
contractility and membrane potentials of rat atrium. Circulation Res. 5, 349-353.

JAMES, T. N. (1965). The chronotropic action ofATP and related compounds studied
by direct perfusion of the sinus node. J. Pharmac. exp. Ther. 149, 233-247.

JOHNSON, E. A. & McKINNON, M. G. (1956). Effect of acetylcholine and adenosine
on cardiac cellular potentials. Nature, Lond. 178, 1174-1175.

KATORI, M. & BERNE, R. M. (1966). Release of adenosine from anoxic hearts.
Relationship to coronary flow. Circulation Res. 19, 420-425.

LAMMERANT, J., BECSEI, I., MERTENS-STRIJTHAGEN, J. & DE SCHRYVER, C. (1970).
Changes in the calculated myocardial oxygen consumption during adenosine
infusion versus estimates of developed tension and velocity of contraction. Archs
int. Pharmacodyn. Ther. 186, 166-178.

MASON, D. T. (1969). Usefulness and limitations of the rate of rise of intraventricular
pressure (dP/dt) in the evaluation of myocardial contractility in man. Am. J.
Cardiol. 23, 516-527.

MORGENSTERN, C., ARNOLD, G., HOLJES, U. & LOCHNER, W. (1970). Die Druckan-
stiegsgeschwindigkeit im linken Ventrikel als Mass fur die Kontraktilitat unter
verschiedenen hamodynamischen Bedingungen. Pfiigers Arch. ges. Physiol. 315,
173-186.

OLSSoN, R. A. (1970). Changes in content of purine nucleoside in canine myocardium
during coronary occlusion. Circulation Res. 26, 301-306.

PAOLONI, H. J. & WILCRFN, D. E. L. (1971). Inter-relations between the actions of
dipyridamole, adenosine, aminophylline and propranolol on the coronary circula-
tion of the transplanted dog heart. Aust. J. exp. Biol. med. Sci. 49, 537-552.

PAULY, T. J. & BITTAR, N. (1971). Myocardial reactive hyperaemia responses in the
dog after beta receptor block with propranolol. Cardiovasc. Res. 5, 440-443.

Ross, R. S., UEDA, K., LICHTLEN, P. R. & REES, J. R. (1964). Measurement of
myocardial blood flow in animals and man by selective injection of radioactive
inert gas into the coronary arteries. Circulation Res. 15, 28-41.

RUBIO, R. & BERNE, R. M. (1969). Release of adenosine by the normal myocardium
in dogs and its relationship to the regulation of coronary resistance. Circulation
Res. 25, 407-415.



ADENOSINE ON LEFT VENTRICLE 49

RuBIo, R., BERNE, R. M. & KATORI, M. (1969). Release of adenosine in reactive
hyperemia of the dog heart. Am. J. Phy8iol. 216, 56-62.

SARNOFF, S. J., BRAuNWALD, E., WELCH, G. H., CASE, R. B., STAINSBY, W. N. &
MACRUZ, R. (1958). Hemodynamic determinants of oxygen consumption of the
heart with special reference to the tension-time index. Am. J. Physiol. 192,
148-156.

WEDD, A. M. (1931). The action of adenosine and certain related compounds on the
coronary flow of the perfused heart of the rabbit. J. Pharmac. exp. Ther. 41,
355-366.


