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Summary

Adenosine (ADO) is known to have
vasodilatory properties, and is produced
endogenously during increased activity in many
tissues including skeletal and cardiac muscle.
The vasodilatory action of ADO was first
reported by Drury and Szent-Gyorgy in 1929,
but it was in 1963 that Berne put forward his
adenosine hypothesis without real evidence that
ADO may be an important mediator of
metabolic regulation of blood flow during
exercise. Subsequently, several groups of
investigators attempted to determine the role
and contribution of ADO in coronary active
hyperaemia and exercise hyperaemia in skeletal
muscle by using in vitro and in vivo studies on
different species of animals and subsequently in
clinical use.

By using both biochemical methods (such as
high performance liquid chromatography) and
pharmacological ~methods (such as
methylxanthines, dipyridamole and adenosine
deaminase), the role of ADO in exercise
vasodilation was investigated in several species
of animals. Using a specific pharmacological
tool, adenosine deaminase, it has now been
established that ADO contributes and mediates
sustained exercise vasodilation in skeletal and
cardiac muscle. ADO was found to be more
important in the mediation of exercise induced
sustained coronary active hyperaemia than in
active hyperaemia in skeletal muscle. However,
it appears unlikely that ADO plays any
important role in the initiation of active
hyperaemia in the skeletal or cardiac muscle.

As a result of these extensive studies on the
actions of ADO, the emerging roles of ADO
have now been identified, and has been used
therapeutically in patients in the diagnosis and
treatment of supraventricular tachycardias, and

will soon be available for cardiac imaging. As a
result of its coronary vasodilator and other
properties, in the future ADO is likely to be
available for use as a protective agent in acute
myocardial infarction and reperfusion injury.

Introduction

More than a hundred years ago, Gaskell (1) first
observed that blood flow increased several
hundred percent from resting levels during
muscular exercise. The mechanism of this
exercise hyperaemia has always been
controversial. Current evidence suggests that
myogenic and local metabolic factors may be
involved in causing relaxation of the vascular
smooth muscle. The contribution of one such
factor, adenosine (ADQ), to sustained exercise
vasodilatation in skeletal muscle and
myocardium is presented in this review.

Adenosine hypothesis

The vasodilatory action of ADO was first
reported by Drury and Szand-Gyorgy (2) in
1929, but it was in 1963, that Berne (3) put
forward his hypothesis without real evidence,
that ADO may be an important mediator of the
metabolic regulation of blood flow. This
hypothesis was first tested in skeletal and
cardiac muscle under ischaemic and non
ischaemic conditions (4). ADO appeared in
cardiac but not in skeletal muscle following
ischaemia. They concluded that although
ischaemia was required to demonstrate the
release of ADO in cardiac muscle, its appearance
was consistant with the hypothesis that under
physiological conditions, quantities of ADO
undetectable by their analytical methods may
play a role in the regulation of coronary blood
flow. However, for the skeletal muscle, they
rejected the adenosine hypothesis.
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1. Biochemical methods used to test the
adenosine hypothesis

Subsequent improvements in analytical
techniques enabled several groups of
investigators to detect ADO in muscle tissue,
and also in venous blood draining skeletal and
cardiac muscle during increased activity under
restricted as well as under free flow conditions
(5,6). However, only the work of Ballard ef al in
1987 (7) attempted to assess the contribution of
this released ADO to active vasodilatation by
using high performance liquid chromatography
(HPLC). They found that ADO contributed to
about 40% during sustained vasodilatation.
Their assessment of the contribution of ADO
however, might have been an under estimation
since the venous ADO concentration may not
have truely reflected the actual interstitial ADO
levels due to the endothelial cell barrier (8), and
also due to some loss of ADO during its passage

up to the venous sampling port and in’

subsequent analysis. However, using HPLC, a
good correlation has been observed between the
release of ADO from skeletal muscle and the

intensity of muscle contractions in gracilis.

muscles of anaesthetized dogs (9).

2. Pharmacological methods used to test the
adenosine hypothesis

2.1 Use of methylxanthines

2.1.1. Use of methylxanthines in skeletal
muscle

Because of the above criticisms of biochemical
methods, pharmacological methods such as
methylxanthines (theophylline and
aminophylline), which are ADO receptor
blockers, have been used to test the adenosine
hypothesis in the skeletal muscle under both
constant and free flow conditions (10). However,
these have led to controversial results, probably
due to their direct effects on blood vessels (11),
and a lack of adequate concentrations to block
the ADO effect on blood vessels.

By using adenosine deaminase (ADA) and
theophylline, Proctor (10) observed that these
agents reduced arteriolar dilatation by 22-40%
during 2,5 and 10 Hz contractions of the
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hamster cremaster muscle under free flow
condition. More recently, Poucher et al (12) in
1990 observed that free-flow exercise
hyperaemia induced by 1 Hz stimulation of
isolated gracilis muscles in anaesthetized cats
for 20 min was significantly attenuated by
8-phenyl theophylline and concluded that ADO
contribute about 40% to free-flow exercise
hyperaemia.

The use of methylxanthines in the above
investigations had led to conflicting results due
to the direct vasodilating effects of these agents
(11), and the inability to block the dilatory effect
of ADOQ in states of acidosis (14). It would seem
therfore, that methylxanthines are not suitable
for determination of the contribution of ADO in
active hyperaemia.

2.1.2. Use of methylxanthines in the heart

In the heart also, several groups of
investigations demonstrated that the
methylxanthines could block the vascular
adenosine receptors (14,15). Afronso and
O’Brien in 1971 (16) found that aminophylline
attenuated 50-80% of the coronary vasodilator
action of exogenous ADO administered
intravenously or directly into the coronary
artery in dogs but it did not inhibit coronary
vasodilation induced by hypoxia (16).

Randall and Jones (17) in 1985 were able to
demonstrate that aminophylline could actually
attenuate pacing induced coronary hyperaemia
although the same result could not be obtained
on using isoproterenol instead of pacing (14).
Their failure to demonstrate a role of ADO in
isoproterenol induced coronary active
hyperaemia was attributed to the manner in
which cardiac activity was increased. The use of
atrial pacing seems to be a better and a more
physiological method than the use of adrenergic
drugs to study the role of ADO in active
hyperaemia, since these adrenergic drugs have
direct effects on the alpha and beta receptors on
coronary vessels (18). Thus the use of
methylxanthines as pharmacological agents to
study the role of ADO in reactive and active
hyperaemia have led to conflicting results.
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2.2 Use of dipyridamole

2.2.1. The use of dipyridaﬁole in skeletal
muscle

Another group of pharmacological agents,
which have been used to test the adenosine
hypothesis in both skeletal muscle and
myocardium are the drugs, which inhibit the
cellular uptake of ADO in tissues, thereby
potentiating the ADO effect. Dipyridamole is
such an ADO action potentiator (19). If ADO
functions as a vasodilating metabolite in
contracting muscle, then dipyridamole could be
expected to potentiate the active hyperaemia.
Therefore, dipyridamole has been used by
several groups of investigators (11,19), who
observed a potentiation of vasodilatation, but
only under certain experimental conditions such
as contractions during constant low flow
perfusion (11) and during maximal tetanic
contractions (19,20). However, under each of
these conditions, blood flow and hence oxygen
delivery was either experimentally restricted or
mechanically impaired and could not be
considered to be physiological. Later Klabunde
and colleagues (19,20) observed that
dipyridamole potentiated the post tetanic
hyperaemia by about 50-70% following free-
flow 40 Hz tetanic contractions of 10 s duration
in the gracilis muscle in anaesthetized dogs.
They concluded that the changes in post tetanic
hyperaema and recovery times produced by
dipyridamole were consistant with the
hypothesis that ADO contributed to it. Their
findings also contradict their earlier results,
which could be explained by the fact that the
measurement of tissue ADO content did not
represent the interstitial ADO (21).

Lately, Laughlim and colleagues in 1989 (22)
examined the contribution of ADO to 2 min of
treadmill induced moderate (11.2 km/hr) and
maximal (17.6 km/hr) exercise hyperaemia in
conscious miniature swine. They observed that
dipyridamole potentiated the blood flow to all
muscles during maximal exercise, but it
potentiated the blood flow only to the gracilis
muscles (contains slow twitch oxidative fibres)
during moderate exercise. Since ADO was
shown to play a role in active hyperaemia
during maximal exercise, they suggested that
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the muscle blood flow might have been
restricted in this condition, because the
cardiorespiratory oxygen transport could have
reached maximal. However, their results have
demonstrated that oxygen utilization of the
muscles increased with exercise intensity.
Furthermore, Laughlim et al used radio labelled
microsphere technique to measure the blood
flow, which is not as accurate as electromagnetic
flowmetry. More recently, it has been observed
that specific adenosine receptor antagonist 1,3,
dipropyl 8-p-sulpho-phenylxanthine (DPSPX;
10°M) attenuated the muscle exercise
hyperaemia in anaesthetized rabbits, and
dipyridamole induced potentiation of exercise
hyperaemia was reversed by DPSPX (23).

The species difference, the use of conscious and
anaethetized animals, and the methods by
which the exercise were induced could also have
contributed to the differences in results reported
(20,22,23).

2.2.2. Use of dipyridamole in the heart

Dipyridamole has also been used to establish
the role of ADO in coronary active hyperaemia.
Knabb and colleagues in 1983 (24) used
dipyridamole and demonstrated significant
positive correlation between coronary blood
flow and pericardial fluid ADO concentrations
during coronary active hyperaemia in
anaesthetized dogs and their results suggested
that interstitial ADO levels were increased by
the actions of dipyridamole.

2.3. Use of adenosine deaminase-

2.3.1. The use of adenosine deaminase in
skeletal muscle

Adenosine deaminase (ADA) preparations have
been used by different groups of investigators to
study the role of ADO in exercise hyperaemia in
skeletal muscle (10,25,26). ADA is considered a
reliable investigative agent for this purpose, as it
specifically metabolises ADO into vasoinactive
inosine (27).

Other investigators also studied the effect of
continuous superfusion of ADA on the
microcirculation of the hamster cremaster
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muscle during twitch contractions and were able
to demonstrate a significant attenuation (20-
25%) of exercise vasodilatation during ADO
infusion (10,25). The role of ADO in active
hyperaemia in skeletal muscle has also been
examined in conscious rats during normal
locomotor activity by using ADA (26). Since
they used radiolabelled microspheres to
measure the blood flow, the control and test
observations were not carried out on the same
animal. Therefore, the results of investigations in
which ADA has been used have not led to
unequivocal evidence for a contribution of ADO
to muscle active hyperaemia because of a
number of limitations in the experimental
- protocols and methods.

2.3.2. The use of adenosine deaminase in the
heart

ADA has also been used by several groups of
investigators to examine the role of ADO in the
regulation of coronary blood flow under
different conditions, such as reactive
hyperaemia, hypoxic hyperaemia and active
hyperaemia (6,8,28,29). This agent was used for
the first time by Saito et al in 1981, who were
able to reduce the reactive hyperaemia by 30-
39% following 5-30s occlusions of the left
circumflex coronary artery in anaesthetized
dogs (28).

Gewirtz and colleagues in 1986 (29) observed
that intracoronary administration of ADA
(10UKg™ min) did not change the basal
coronary blood flow in anaesthetized pigs, and
concluded that ADO was not important in the
regulation of arteriolar tone under basal
conditions in the normal coronary circulation.
Their findings were in agreement with that of
Kroll and Feigl (31), who in 1985 used
intracoronary ADA (107 U min" in dogs
weighing between 25-35 kg), and could not find
any difference in the basal coronary blood flow
in the presence and absence of ADA solution.
They concluded therefore, that ADO was
unimportant in controlling coronary blood flow
in unstressed hearts of anaesthetized dogs.

Several groups of investigators also used ADA
to examine the contribution of ADO in coronary
hyperaemia (29,30). Using a dose of 10 U kg
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min* of ADA, Gewirtz ef al (30) observed, in
intact paced hearts of anaesthetized pigs, ADO
contributed about 30% to the flow response at
the first minute of stimulation of the heart, but
not to the sustained flow response at the 10 min
of isoproteronol infusion. However, these
conditions cannot be considered as ideal to test
the contribution of ADO in active hyperaemia,
because of the beta 2 agonist properties of
isoproterenol on the coronary blood vessels,
which would have caused some coronary
vasodilation (32). By using ADA (5 U kg?! min?),
Bache et al (29) in 1988 failed to demonstrate a
role of ADO in mediating coronary
vasodilatation during treadmill exercise in
chronically instrumented dogs.

These conflicting results could have been due to
the reasons given below: the use of different
species of animals such as pigs (30) and dogs
(29); the different methods used for increasing
cardiac activity such as exercise (29),
isoproterenol (30) and norepinephrine (18), the
use of anaesthetized animals (30) and conscious
animals (29).

Therefore, at attempt was made to determine the
exact contribution of ADO to exercise
vasodilatation in the skeletal muscle and
denervated heart in the same animal species
(dogs) by using ADA (33,34,35). This
investigation was the first detailed study carried
out to deg¢ermine the contribution of ADO to
exercise vasodilatation in a relatively less active
tissue (skeletal muscle) and in a highly active
tissue (cardiac muscle) under various flow
conditions by using ADA.

Vascularly and neurally isolated gracilis muscles
were perfused at constant high flow (99% of
maximum of maximum free flow), and electrical
stimulation of the nerve (4 Hz, 6v, 0.2ms)
supplying the muscle for 3-5 min resulted in
twitch contractions of the muscle and a fall in
arterial perfusion pressure by about 40% due to
exercise vasodilatation (34). However, ADO did
not mediate the initiation of exercise
vasodilatation.

Isolated gracilis muscles when electrically

stimulated by 40 Hz (6v. 0.2ms) to produce
tetanic contractions, experienced post tetanic
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hyperaemia, which in the presence of ADA was
attenuated by about 30%, thus confirming a
significant role of ADO in the mediation of post
tetanic hyperaemia under free-flow condition
(33). However, ADA did not attenuate the initial
hyperaemia response observed at 10s after the
withdrawal of the tetanic stimulus (33).

Twitch contractions of free flow perfused
gracilis muscles resulted in an attenuation of the
free-flow hyperaemia response by about 25%
(33). ADA did not attenuate the initiation of
exercise hyperaemia (10s after commencement
of muscle stimulation).

The contribution of ADO to coronary
hyperaemia was also assessed by these workers
(35,36). The anterior descending or the
circumflex branch of the left coronary artery of
the dog was cannulated and the heart was
perfused via an extracorporeal circuit with
blood from the left subclavian artery. ADA
siginficantly attenuated the increase in vascular
conductance during sustained coronary active
hyperaemia induced by atrial pacing, and ADO
appears to be much more important in the
metabolic regulation of blood flow to the
myocardium than to the skeletal muscle (36).

3. Possible clinical applications of adenosine
research

More recently, these beneficial effects of ADO
have been applied successfully in clinical use
(37,38). Adenosine has been found to be not only
a regulator of coronary blood flow, but is also a
regulator of cardiac rhythm, and is useful in the
diagnosis and treatment of paroxysmal
supraventricular tachycardias (37,38). In
addition, ADO will soon be available for cardiac
imaging and could be used as a protective agent
against acute myocardial infarction and
reperfusion injury as has been shown in animal

models (37).
Conclusions

It is well established that ADO is a potent
vasodilator, and plays an important role in the
regulation of blood flow in the skeletal muscle
and myocardium during exercise under varying
conditons. It appears to play a more important

Vol. 40 No. 2, December 1997

role in the mediation of sustained coronary
functional hyperaemia than in the sustained
skeletal muscle exercise hyperaemia. However,
it appears unlikely that ADO plays any
important role in the initiation of active
hyperaemia in the skeletal or cardiac muscle.
Due to its vasodilator and other effects, ADO is
likely to be used in cardiac imaging as well as a
cardioprotective agent against myocardial
infarction and reperfusion injury in clincal
practice in the near future.
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