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Under normal physiological conditions, coronary blood flow Is
closely matched with the rate of myocardial oxygen consump-
tion. This matching of flow and metabolism Is physiologically
Important due to the limited oxygen extraction reserve of the
heart. Thus, when myocardial oxygen consumption Is In-
creased, as during exercise, coronary vasodilation and in-
creased oxygen delivery are critical to preventing myocardial
underperfuslon and Ischemia. Exercise coronary vasodilation
Is thought to be mediated primarily by the production of local
metabolic vasodilators released from cardlomyocytes second-
ary to an Increase In myocardial oxygen consumption. How-
ever, despite various Investigations Into this mechanism, the
medlator(s) of metabolic coronary vasodilation remain un-
known. As will be seen in this review, the adenosine, K+ATP

channel and nitric oxide hypotheses have been found to be
Inadequate, either alone or In combination as multiple redun-
dant compensatory mechanisms. Prostaglandins and potas-
sium are also not Important In steady-state coronary flow regu-
lation. Other factors such as ATP and endothelium-derived hy-
perpolarizing factors have been proposed as potential local
metabolic factors, but have not been examined during exercise
coronary vasodilation. In contrast, norepinephrine released
from sympathetic nerve endings mediates a feed-forward /3-
adrenoceptor coronary vasodilation that accounts for -25% of
coronary vasodilation observed during exercise. There Is also a
feed·forward a-adrenoceptor-medlated vasoconstriction that
helps maintain blood flow to the vulnerable subendocardium
when heart rate, myocardial contractility, and oxygen consump-
tion are elevated during exercise. Control of coronary blood
flow during pathophysiological conditions such as hyperten-
sion, diabetes mellitus, and heart failure Is also addressed.
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The anaerobic capacity of the mammalian heart is very
limited and if the oxygen supply is interrupted, the
affected myocardium quickly stops beating. During

normal resting conditions, the heart extracts -75% of the
oxygen delivered by coronary blood flow, therefore the oxy-
gen extraction reserve is quite limited (1-3). Thus, myocar-
dial function is dependent on an adequate coronary blood
flow on a moment-to-moment basis.

Despite these seeming constraints at rest, the heart is
capable of increasing myocardial oxygen consumption
5-fold or more above resting values when there is tachycar-
dia, augmented contractility, and increased cardiac after-
load, as occurs during exercise (1-4). For this reason, ex-
ercise is frequently used to test the physiological mecha-
nisms that control coronary blood flow and thus oxygen
delivery to the heart.

The dominant determinant of coronary blood flow is
the rate of myocardial oxygen consumption, and the central
question in coronary physiology is how coronary flow is
coupled to myocardial oxygen consumption by a local meta-
bolic mechanism (1-4). As will be seen, the adenosine,
K+ATP channel, and nitric oxide hypotheses for the local
metabolic control of coronary blood flow during exercise
have been found inadequate individually and in combina-
tion. Therefore, the mechanism of local metabolic control of
coronary blood flow remains unknown, with no strong al-
ternative hypothesis available at this time.

In contrast to the negative results on identifying the
local metabolic vasodilator mechanism in the coronary cir-
culation, there have been positive findings on the neural
control of coronary blood flow during exercise. A feed-
forward l3-adrenoceptor-mediated coronary vasodilation



due to norepinephrine released from sympathetic nerve end-
ings has been documented. The feed-forward mechanism
operates without an error signal whereby increases in heart
rate and myocardial contractility due to activation of the
sympathetic nerves to the heart and coronary vasculature
also result in a parallel coronary vasodilation. The feed-
forward l3-adrenoceptor vasodilation acts primarily on small
coronary arterioles and accounts for -25% of the coronary
vasodilation observed during exercise. There is also evi-
dence for a feed-forward norepinephrine o-adrenoceptor-
mediated vasoconstriction in large- and medium-size coro-
nary arteries during exercise. The o-adrenoceptor-mediated
vasoconstriction upstream from small arterioles has the ef-
fect of reducing vessel compliance and thus lessening
Wasteful systolic-diastolic flow oscillations in the coronary
arterial tree. This has the beneficial result of maintaining
blood flow to the vulnerable inner layer of the left ventricle
When heart rate, myocardial contractility, and myocardial
Oxygen consumption are all high during exercise.

The experimental details for the interpretations con-
cerning local metabolic and neural control of coronary
blOod flow during exercise are given below.

Adenosine Hypothesis
For many years, adenosine has been thought to be the

Vasodilatory metabolite that links coronary blood flow to
myocardial metabolism (1, 5-7). The adenosine hypothesis
predicts that an increase in myocardial oxygen consumption
decreases myocardial tissue oxygen tension to stimulate the
~elease of adenosine from cardiomyocytes. The resulting
increase in cardiac interstitial adenosine concentration acti-
vates adenosine receptors on coronary vascular smooth
mUscle cells, which increases coronary vascular conduc-
tance and augments oxygen delivery. The increase in coro-
nary blood flow and oxygen delivery act to restore myocar-
dial oxygen tension to a normal operating level, thereby
decreasing cardiac adenosine production in a negative feed-
back manner. Thus, the interstitial concentration of adeno-
sine would control coronary blood flow to match myocar-
dial oxygen delivery with myocardial oxygen consumption,
and maintain myocardial oxygen tension within the normal
Physiologic range (8, 9).

Adenosine and Local Metabolic Coronary Va-
SOdilation. Many investigations have examined the role
?f adenosine in local metabolic coronary vasodilation dur-
ing increases in myocardial oxygen consumption (10-28).
~esults from these studies are inconsistent in that indices of
~nterstitial adenosine concentration were increased during
increases myocardial oxygen consumption (10, 11, 13, 15,
16, 18, 20), but blockade of endogenous adenosine recep-
tors did not alter functional coronary hyperemia during in-
creases in myocardial oxygen consumption (12, 17, 24, 26-
28). One potential reason for these conflicting findings
~oUld be that the adenosine measurements reported in early
l~Vestigations did not reliably estimate the cardiac intersti-
hal concentration of adenosine (28, 29). An alternative ex-

planation for these discrepant results is that the interstitial
adenosine concentration increases sufficiently to overcome
the competitive adenosine receptor blockade, as would be
predicted if adenosine were part of a high gain negative
feedback system (21, 30, 31). In other words, the failure of
adenosine receptor blockade to limit coronary vasodilation
during increases in myocardial oxygen consumption is due
to a sufficient compensatory increase in cardiac adenosine
production. Therefore, to adequately test the adenosine hy-
pothesis, it is essential to have an estimate of cardiac inter-
stitial adenosine concentration.

Despite avid uptake of adenosine by coronary vascular
endothelial cells, cardiac interstitial adenosine concentra-
tion may be estimated (32, 33). The method for estimating
the interstitial concentration of adenosine uses measure-
ments of coronary blood flow, hematocrit, and arterial and
coronary venous plasma adenosine concentrations in an axi-
ally distributed mathematical model. Experiments using this
model determined the relationship between interstitial aden-
osine concentration and coronary blood flow and found that
the threshold for adenosine-mediated coronary vasodilation
was -117 nM (33).

Recently, Tune et al. (28) quantitatively examined the
adenosine hypothesis by combining measurements of coro-
nary venous adenosine concentration with adenosine recep-
tor blockade during exercise in chronically instrumented
dogs. This is important because if, as postulated, adenosine
is part of a high-gain negative feedback system, then aden-
osine levels will increase to overcome the competitive re-
ceptor blockade and little change in coronary blood flow
will be observed. Interstitial adenosine concentration was
estimated using the mathematical model described above
(32, 33). Tune et al. (28) found that adenosine receptor
blockade did not alter coronary blood flow at rest or during
graded treadmill exercise, which is consistent with earlier
studies in dogs (17) and pigs (26). Coronary venous plasma
adenosine concentration was little changed when myocar-
dial oxygen consumption was increased over 4-fold during
exercise. The slope of the estimated interstitial adenosine
concentration versus myocardial oxygen consumption rela-
tionship did not differ significantly from zero, and the in-
terstitial adenosine concentration remained well below the
threshold concentration necessary for coronary vasodilation
(117 nM; Fig. 1). Furthermore, coronary venous and esti-
mated interstitial adenosine concentrations did not increase
to overcome the competitive receptor blockade of either
8-phenyltheophylline or 8-p-suflophenyltheophylline. In or-
der for adenosine to have increased sufficiently to overcome
the receptor blockade would have required a 12-fold in-
crease in adenosine concentration for 8-phenyltheophylline
and a 5-fold increase for 8-p-suflophenyltheophylline (28).
This clearly did not occur (Fig. 1). These findings demon-
strate that adenosine is not required for local metabolic
coronary vasodilation during exercise-induced increases in
myocardial oxygen consumption.
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Figure 1. Relationship between estimated interstitial adenosine
concentration and myocardial oxygen consumption during control
vehicle and adenosine receptor blockade with 8-phenyltheophylline
(S-PT) or S-sulfophenyltheophylline (S-PST). The slopes of the re-
gression lines do not differ significantly (P = 0.63, R2 = 0.4), and the
average slope did not differ significantly from zero (P = 0.23, R2 =
0.4). The estimated interstitial adenosine concentration remained
well below the threshold for coronary vasodilation and did not in-
crease to overcome the competitive receptor blockade. This figure
was reproduced with the permission of the American Physiological
Society from Ref. 2S.

Adenosine and Coronary Vasodilation during
Ischemia. Although studies indicate that adenosine is not
responsible for functional exercise hyperemia under normal
physiological conditions, adenosine most likely contributes
significantly to coronary vasodilation during exercise-
induced ischemia (34). Studies in chronically instrumented
dogs with a coronary stenosis (coronary perfusion pressure
= 40 mm Hg) found that coronary vasodilation in response
to exercise was significantly reduced by combined blockade
of endogenous adenosine production with adenosine deam-
inase and adenosine receptors with 8-phenyltheophylline
(34, 35). These findings indicate that cardiac adenosine re-
lease occurs during ischemia (5, 36-38). The critical oxygen
tension for adenosine release in isolated cardiomyocytes
was estimated to be -3 mm Hg (37). Therefore, as long as
changes in myocardial oxygen delivery adequately match
changes in the rate of myocardial metabolism, adenosine
release is not elevated and thus does not contribute to func-
tional coronary hyperemia. However, if an imbalance be-
tween oxygen delivery and consumption is' significant, such
as in patients with a critical coronary stenosis, adenosine is
released by the ischemic myocytes in an attempt to augment
coronary blood flow and oxygen delivery.

In summary, experimental evidence does not support
adenosine as the physiologic local metabolic vasodilatory
metabolite that links coronary blood flow to myocardial
metabolism. This evidence includes: i) Adenosine receptor
blockade does not alter the relationship between coronary
blood flow and myocardial oxygen consumption (17, 26,
28); ii) Coronary venous plasma adenosine concentration is
little changed with exercise-induced increases in myocardial
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There is a class of potassium channels that can be regu-
lated by intracellular ATP that are present in many tissues,
including pancreatic 13 cells, skeletal muscle, brain, and
smooth muscle (42). These channels are commonly identi-
fied by their response to the blocking agent glibenclamide.
Glibenclamide is a member of the sulfonylurea class of
compounds that have a high selectivity for K+ATP channels,
and it has been shown to have a K, for the channels found
in cardiac and smooth muscle in the range of 5-20 f.LM
(48-50). These ATP-sensitive potassium (K+ATP) channels
were identified in smooth muscle from mesenteric arteries
by Standen et al. in 1989 (44). In 1992, Miyoshi et al. (45)
identified K+ATP channels in cultured smooth muscle cells
from porcine coronary arteries. Since that time, the role of
these channels in the regulation of vessel diameter, particu-
larly in coronary vessels, has been examined by numerous
investigators.

K+ATP channels have been found to playa role in hyp-
oxic coronary vasodilation (46, 47). Daut et al. (46) found
that hypoxic coronary vasodilation in isolated perfused
guinea pig hearts was blunted by glibenclamide. Coronary
reactive hyperemia is also reduced during K+ATP channel
blockade with glibenclamide (48-50). K+ATP channels are
involved in adenosine-induced coronary vasodilation as
shown by the ability of glibenclamide to inhibit this re-
sponse (46, 49, 50, 51, 53-55). However, K+AT P channels
are not necessary for coronary autoregulation (relatively
constant flow with altered arterial perfusion pressure) as
shown by Stepp et al. (55). Because hypoxia and ischemia
result in adenosine release from the myocardium, as re-
viewed above, the blunting of hypoxic or ischemic coronary
vasodilation by glibenclamide probably represents an inhi-
bition of adenosine vasodilation.

The evidence for involvement of K+ATP channels in the
maintenance of basal coronary blood flow is strong (50,
55-60). When K+ATP channels are inhibited by gliben-
clamide, coronary blood flow at rest is reduced between
12% and 25%, suggesting that these channels are at least
partly responsible for maintaining vessel diameter during
steady-state conditions.

However, the regulation of coronary blood flow during
exercise or cardiac pacing is not dependent upon K+ATP

channels (40, 50, 59, 61, 62). Although flow is reduced at
rest when K+ATP channels are blocked by glibenclamide,

oxygen consumption (28, 39-41); iii) The estimated inter-
stitial adenosine concentration remains well below the
threshold value necessary for coronary vasodilation both at
rest and during increases in myocardial oxygen consump-
tion (27, 28); and iv) Adenosine receptor blockade does not
augment coronary venous or estimated interstitial adenosine
concentration to overcome the receptor blockade (27, 28).
However, adenosine does act as a coronary vasodilator dur-
ing pathophysiological conditions when the myocardium is
ischemic.

Vehicle (n = 10)
Threshold for coronary 8-PT (n =8)
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Richmond et al. (40) found that during exercise, the in-
crease in flow is the same (3.5-fold) with or without K+ATP

channel blockade. This is consistent with the results from
Duncker et al. (50,61,62) who found a decrease in resting
coronary blood flow in dogs but not an attenuation of flow
during exercise. The combination of these results suggest
that another factor must be responsible for the increase in
coronary blood flow during exercise.

In summary, there is strong evidence that adenosine
causes coronary vasodilation during ischemia or hypoxia
and that K+ channels mediate the vasodilation. AlthoughATP
K+ATP channels are involved in regulating coronary vessel
diameter at rest, they are not required during coronary au-
toregulation or for the increase in coronary blood flow that
OCCurs during exercise.

Nitric Oxide
The coronary vascular endothelium modulates vascular

resistance through the production of various vasoactive
agents, including the endothelium-derived relaxing factor
nitric oxide (63). Nitric oxide is formed from L-arginine by
nitric oxide synthase and is continuously released by endo-
thelial cells (64). Nitric oxide release is augmented by ago-
nists such as acetylcholine and bradykinin (64-66) and also
by mechanical stimulation such as shear stress (67-73), pul-
satile flow (74), and axial strain (75).

Endothelial-derived nitric oxide is thought to be one of
the factors controlling coronary blood flow both at rest and
during exercise. However, inhibition of nitric oxide synthe-
sis with arginine analogues results in either no change (39,
74, 76-85) or a small decrease (86-90) in coronary blood
flow at rest and when myocardial oxygen consumption is
elevated. Studies also consistently show that blockade of
nitric oxide synthesis does not attenuate exercise-induced
Coronary vasodilation, but does decrease coronary venous
oXygen tension at a given level of myocardial oxygen con-
sUmption (Fig. 2) (39, 76, 77, 79,80,83,85). These findings
are consistent with studies using either systemic (39,77,83,
85) or intracoronary infusions of arginine analogs (76, 79,
80) to inhibit nitric oxide synthesis, indicating that nitric
oXide is not required for exercise-induced coronary vasodi-
lation. However, these findings do indicate that nitric oxide
eXerts a tonic coronary vasodilator influence both at rest and
during exercise-induced increases in myocardial oxygen
consumption.

Nitric oxide has been shown to contribute to epicardial
coronary dilation at rest in dogs (91-95) and humans (96,
~7), and during increases in myocardial oxygen consump-
tion in dogs (74, 85, 87, 8) and humans (86, 99). This effect
of nitric oxide has been demonstrated by a significant re-
duction in epicardial coronary diameter when nitric oxide
sYnthesis is inhibited. However, it is important to note that
although epicardial coronary diameter was decreased in
these studies by nitric oxide synthesis inhibition, coronary
blood flow was not significantly altered, suggesting that a
compensatory, downstream arteriolar dilation adequately
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Figure 2. Relationship between ~orona~ venous oxyge.n .tens!on
and myocardial oxygen consumption dunng control .and ~Itnc OXide
synthesis inhibition with LNA. The slope of the rel~tlo~shlp was .un-
changed by LNA (P= 0.79), indicati~g that ni~ric oXlde!s not required
for local metabolic coronary vasodilator dunng exercise. The aver-
age coronary venous oxygen tension was significantly ~educed by
LNA (P = 0.004), indicating that nitric oXid~ exerts a.tonic ~or~nary
vasodilator influence both at rest and dunng exercise. This figure
was reproduced with the permission of Lippincott, Williams & Wilkins
from Ref. 39.

compensated for the upstream, epicardial coronary
constriction (100).

The findings of Bernstein et al. (77) and Traverse et al.
(101) indicate that exercise-induced epicardial coronary
vasodilation is mediated by an increase in endothelial-
mediated nitric oxide production at high levels of myocar-
dial oxygen consumption. The increased nitric oxide pro-
duced when myocardial oxygen consumption is sig-
nificantly elevated is probably due to augmented shear
stress that results from the high coronary flow rates (67-73).
This hypothesis is supported by the findings ofY:m ~i??er
et al. (102) who found that nitric oxide synthesis inhibition
attenuated norepinephrine-induced coronary vasodilation
when coronary perfusion pressure was held constant, but did
not affect coronary vasodilation to norepinephrine when
coronary blood flow was held constant. .

In summary, nitric oxide does not act as a local meta-
bolic vasodilator in the usual sense because blockade of
nitric oxide synthesis does not steepen the relationship be-
tween coronary venous oxygen tension and myocardial oxy-
gen consumption (Fig. 2). However, nitric oxide does exert
physiological effects within the coronary vascular tree, ~o 

tably upstream dilation of epicardial coronary artenes,
which acts to prevent excessive shear stress on coronary
endothelial cells when flow is increased by downstream,
arteriolar dilation.

Compensatory Control and Its Implications

A recurring theme in recent coronary literature is that
there are multiple mechanisms of local metabolic coronary
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Figure 3. Relationship between coronary venous oxygen tension
and myocardial oxygen consumption with and without triple blockade
of K+ATP channels, nitric oxide synthesis, and adenosine receptors.
Triple blockade significantly reduced coronary venous oxygen ten-
sion at rest and during exercise in a parallel manner (P < 0.001), but
did not make the slope more negative. These findings indicate that
inhibition of K+ATP channels, nitric oxide synthesis, and adenosine
receptors lowers the balance between coronary blood flow and myo-
cardial metabolism at rest, but that these factors are not required for
exercise-induced coronary vasodilation. This figure was reproduced
with the permission of the American Physiological Society from Ref.
106.

into solution and provides time for equilibration of the
blocking agents in the circulation. A continuous intracoro-
nary infusion is not suitable for steady-state measurements
because recirculation of the blocking agents would result in
ever increasing coronary concentrations, which might con-
found the measurement of myocardial oxygen consumption,
a critical measurement in coronary studies. Aside from these
methodological differences, it is unclear what may account
for the differences between these investigations.

Although triple blockade did not decrease functional
coronary exercise hyperemia in the Tune et al. (l06) study,
it did significantly elevate coronary venous and estimated
interstitial adenosine concentrations when coronary venous
oxygen tension fell to -6 mm Hg during exercise (Fig. 4).
The coronary venous oxygen tension of 6 mm Hg is con-
sistent with a critical oxygen tension of 3 mm Hg for aden-
osine release observed in isolated in vitro cardiomyocytes
(37), remembering that there must be an in vivo oxygen
tension gradient from blood to tissue for diffusion to occur.
Therefore, the triple blockade decreased resting coronary
blood flow and the increase in myocardial oxygen consump-
tion induced by exercise most likely resulted in subendo-
cardial ischemia, thereby increasing cardiac adenosine re-
lease. However, the increase in adenosine levels was not
sufficient to overcome the competitive receptor blockade
'and thus did not contribute to local metabolic coronarY
vasodilation.

In summary, K+ATP channels, nitric oxide, and adenv'
sine do not act as local metabolic vasodilators in the usual
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blood flow control, and that when one mechanism is inhib-
ited, another may increase in compensation (50, 62, 80,
103-105). The suggestion is that cardiac adenosine levels
increase in compensation when either K+ATP channels
or nitric oxide synthesis is inhibited. The reason for
postulating multiple compensating mechanisms was the ob-
servation that the addition of an adenosine receptor antago-
nist to a prior K+ATP channel inhibition (50, 62, 80) or nitric
oxide synthesis inhibition (103, 105) decreased coronary
blood flow and/or depressed the relationship between coro-
nary venous oxygen tension and myocardial oxygen
consumption.

The hypothesis that adenosine increases to mediate lo-
cal metabolic coronary vasodilation when either K+ATP

channels (40, 59) or nitric oxide synthesis is inhibited (39)
has been examined. Graded treadmill exercise was used to
increase myocardial oxygen consumption in chronically in-
strumented dogs before and during inhibition of K+ATP

channels with glibenclamide (40) or nitric oxide synthesis
with Nw-nitro-L-arginine (LNA) (39). Cardiac interstitial
adenosine concentration was estimated from arterial and
coronary venous measurements using a previously tested
mathematical model (32, 33). Inhibition of either K+ATP

channels or nitric oxide synthesis at rest and during exercise
did not result in a significant increase in coronary venous or
estimated interstitial adenosine concentration. Furthermore,
the estimated interstitial adenosine concentration remained
well below the threshold necessary for coronary vasodila-
tion with or without K+ATP channel (40, 59) or nitric oxide
synthesis inhibition (39). These findings indicate that aden-
osine does not increase to mediate a compensatory local
metabolic coronary vasodilation during exercise-induced in-
creases in myocardial oxygen consumption.

An additional study by Tune et al. (106) examined the
hypothesis of multiple compensating mechanisms of coro-
nary flow control by combined inhibition of K+ATP channels
(glibenclamide), nitric oxide synthesis (LNA), and adeno-
sine receptors (8-phenyltheophylline). This triple blockade
did not alter the myocardial oxygen consumption or coro-
nary blood flow response to exercise, but it did significantly
lower the coronary venous oxygen tension at a given level
of myocardial oxygen consumption (Fig. 3). These results
indicate that combined inhibition of K+ATP channels, nitric
oxide synthesis, and adenosine receptors lowers the balance
between myocardial oxygen delivery and consumption un-
der resting conditions, but they also indicate that these fac-
tors are not required for local metabolic coronary vasodila-
tion during exercise. In contrast, Ishibashi et al. (80) found
that functional exercise coronary hyperemia and myocardial
oxygen consumption were limited during exercise with
triple blockade. The major differences between these stud-
ies are that glibenclamide and LNA were infused intrave-
nously in the Tune et al. (106) study, and intracoronary
infusion was used in the Ishibashi et al. (80) study. Intra-
venous infusion avoids direct intracoronary injection of the
harsh alkaline vehicle that is required to get glibenclamide
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Coronary vasodilation in the presence of adenosine receptor blockade with 8-phenyltheophylline (8-PT). This figure was reproduced with the
Permission of the American Physiological Society from Ref. 106.

sense of coupling coronary blood flow to myocardial me-
tabolism and thus do not act as multiple compensating
mechanisms of coronary flow control. However, K+ATP

channels and nitric oxide do regulate the balance between
OXygen supply and consumption under resting conditions.

Other Potential Mediators of Local
Metabolic Vasodilation

Prostaglandins. Prostaglandins are metabolites of
arachidonic acid that have been implicated as potential me-
diators of coronary blood flow control. Prostaglandins have
been shown to be released into the coronary circulation
dUring episodes of hypoxia (107), anoxia (108), and coro-
nary artery occlusion (109). However, an important role of
prOstaglandins in local metabolic coronary vasodilation un-
der normal physiological conditions has not been demon-
Strated. Inhibition of prostaglandin synthesis with indo-
~ethacin does not significantly affect resting coronary
II~Od flow or attenuate exercise-induced coronary vasodi-
alion (10). In addition, the relationship between coronary

~enous oxygen tension and myocardial oxygen consump-
tion is unaltered by indomethacin, demonstrating that
~rOstaglandins do not mediate functional coronary exercise
Yperemia.

f Other Potential Vasodilators. Other potential
actors that may contribute to local metabolic coronary

~aSOdilation include oxygen, carbon dioxide, potassium,
(B,TP, and endothelium-derived hyperpolarizing factors
. DBFs). However, none of these factors have been exam-
Ined during exercise-induced increases in myocardial oxy- .
gen consumption. '

A depletion of oxygen or the accumulation of carbon

dioxide are both stimuli for coronary vasodilation (Ill,
112). Broten et al. (113) developed a model of oxygen and
carbon dioxide tension-induced changes in coronary vascu-
lar resistance and concluded that -40% of the change in
coronary blood flow during modest, pacing-induced in-
creases in myocardial oxygen consumption could be ac-
counted for by changes in coronary venous oxygen and
carbon dioxide tensions. However, coronary venous carbon
dioxide tension is little changed with exercise (28, 39-41),
and the typical 4-6 mm Hg decrease in coronary venous
oxygen tension observed during exercise cannot by itself
account for the -4-fold increase in coronary blood flow.

Potassium has been shown to be transiently elevated
during pacing-induced increases in myocardial oxygen con-
sumption (114) and may account for -33% of the initial
coronary vasodilator response to this stimulus. However,
this transient elevation of potassium makes it an unlikely
mechanism for steady-state increases in coronary blood
flow associated with increased myocardial metabolism.

ATP and EDHFs have recently been the focus of sev-
eral investigations of coronary flow regulation. ATP has
been shown to be a potent vasodilator in a number of dif-
ferent experimental models, including isolated arteries and
veins (115), coronary arteries (116), hamster cheek pouch
(117), and isolated working rat hearts (118). ATP is most
likely released locally by cardiomyocytes (119) and by red
blood cells (120, 121) during reductions in oxygenation.
EDHFs are released by coronary endothelial cells and they
mediate vasodilation by hyperpolarizing underlying vascu-
lar smooth muscle cells (122, 125). It appears that a com-
ponent of EDHFs are cytochrome P450-metabolites of ara-
chidonic acid, epoxyeicosatrienoic acids (EETs) and hy-
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droxyeicosatetraenoic acids (HETEs), both of which
regulate coronary vascular tone (126-128). Although sev-
eral studies have shown that ATP and EDHFs mediate coro-
nary vascular relaxation, their role in local metabolic vaso-
dilation during increases in myocardial metabolism has not
been defined.

Adrenergic Control of Coronary Blood Flow
Activation of the sympathetic nervous system increases

heart rate, cardiac contractility, and cardiac afterload. The
resulting increase in myocardial oxygen consumption
produces metabolic coronary vasodilation, which has been
discussed above. This local metabolic vasodilation obscures
the direct effects of sympathetic activation on coronary
blood vessels. A further complication is that coronary
vessels contain both a- and [3-adrenoceptors, giving rise to
the possibility for both adrenergic vasoconstriction and
vasodilation.

a-Adrenoceptor-Mediated Coronary Vasocon-
striction. One way to demonstrate direct o-adrenoceptor
coronary vasoconstriction has been to activate sympathetic
nerves while preventing metabolic vasodilation by blocking
[3-adrenoceptors. Sympathetic stimulation under these con-
ditions results in a decrease in coronary blood flow (129-
132), which can be blocked by u-adrenoceptor antagonists
(130). Further proof that this is a direct vascular effect rather
than a consequence of decreased metabolism is the obser-
vation that coronary venous oxygen tension falls under
these conditions (133).

An alternate approach is to block coronary n-adreno-
ceptors during sympathetic activation. Under these condi-
tions, one sees higher coronary blood flow or lower coro-
nary vascular resistance at a given level of myocardial oxy-
gen consumption compared with control conditions (134,
135). Comparing flow at the same oxygen consumption is
essential because this controls for the degree of metabolic
vasodilation. The a-adrenoceptor blockade experiment has
been particularly useful in demonstrating o-adrenoceptor
coronary vasoconstriction during exercise (136-141).

At first glance, o-adrenoceptor vasoconstriction during
exercise seems to be potentially deleterious because it com-
petes with metabolic coronary vasodilation at a time when
myocardial oxygen consumption is greatly increased. The
beneficial effect becomes apparent during periods of high
coronary blood flow and tachycardia (such as during strenu-
ous exercise). Under these conditions, the highly vasodi-
lated subendocardium (which is only perfused during dias-
tole) is vulnerable to underperfusion due to high myocardial
compressive forces and short diastoles. Regional coronary
o-adrenoceptor blockade during strenuous exercise in dogs
increases total transmural coronary blood flow, but reduces
subendocardial flow (139). The postulated mechanism is
that o-adrenocepror vasoconstriction stiffens the medium-
sized intramyocardial coronary vessels, causing a decrease
in intramyocardial vascular capacitance. This mechanism is
supported by the observation that o-adrenoceptor activation
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by norepinephrine decreases wasteful antegrade-retrograde
flow oscillation during the cardiac cycle (142).

An interesting aspect of a-adrenoceptor coronary va-
soconstriction is that it seems to be confined to vessels
greater than 100 urn in diameter both in vitro (143, 144) and
in vivo (145). Recent studies suggest that vasoconstriction
in vessels smaller than this might result not from stimulation
of coronary o-adrenoceptors, but from a-receptor-mediated
endothelin release from cardiac myocytes (146, 147). To
date, the endothelin mechanism has only been demonstrated
in vitro or during intracoronary infusion of high doses of
a-adrenoceptor agonists. It remains to be determined
whether it is active under physiological conditions such as
exercise.

(l-Adrenoceptor-Mediated Coronary Vasodila-
tion. In the case of coronary u-adrenoceptors, it is possible
to separate their influence from metabolic vasodilation via
selective blockade of either a- or [3-adrenoceptors. Direct
sympathetic vasodilation of coronary vessels is difficult to

separate from metabolic vasodilation because [3-adrenocep-
tors on coronary vessels and cardiac cells are responsible for
both actions. In terms of control theory, this means that
coronary [3-adrenoceptor vasodilation is a feed-forward
mechanism that does not require an error signal. The same
stimulus that increases myocardial oxygen consumption
(sympathetic activation to increase heart rate and contrac-
tility) in this case simultaneously causes vasodilation. The
term 'feed-forward' is often used when describing this pro-
cess in order to distinguish it from local metabolic feedback
vasodilation secondary to sympathetic activation.

The most direct way to separate feed-forward sympa-
thetic vasodilation from metabolic vasodilation is to use
isolated blood vessels. Small coronary arteries in vitro relaX.
in response to catecholamines even without prior a-adreno-
ceptor blockade (143, 144). In the presence of a-adreno-
ceptor blockade, intracoronary norepinephrine injections
during long diastoles (to avoid cardiac inotropic and chro-
notropic effects) produce vasodilation in anesthetized dog
hearts (148). These results demonstrate the possibility for
feed-forward [3-adrenoceptor-mediated vasodilation, but
demonstrating its presence in a beating heart is difficult.
Testing for this phenomenon in vivo would be simple if it
were possible to selectively block either coronary or myo-
cardial [3-adrenoceptors. However, studies have found both
[32- and [3\-adrenoceptors on coronary vessels (148-154),

making this approach problematic.
Feed-forward sympathetic coronary vasodilation ill

vivo was first clearly demonstrated in anesthetized dogS
using pacing tachycardia as a stimulus to produce a rela-
tively pure metabolic vasodilation (148). This was com-
pared with an intracoronary infusion of norepinephrine dur-
ing «-adrenoceptor blockade, which produced both meta-

. bolic and feed-forward [3-adrenoceptor vasodilation.
Because these two interventions produced the same increase
in myocardial oxygen consumption, the metabolic compo-
nents were presumably equal and any differences were due



to feed-forward l3-adrenoceptor vasodilation. Norepineph-
rine plus n-adrenoceptor blockade resulted in significantly
higher coronary sinus oxygen tension and coronary blood
flow than pacing, demonstrating the presence of a feed-
forward vasodilation. This approach has subsequently been
adapted to demonstrate feed-forward sympathetic coronary
vasodilation during exercise (41, 155). In this case, the
'metabolic only' vasodilation is produced by exercise dur-
ing combined lX- and l3-adrenoceptor blockade. This is com-
pared with exercise with only «-adrenoceptor blockade.
When coronary venous oxygen tension is plotted versus
myocardial oxygen consumption, oxygen tension does not
fall significantly during «-adrenocepror blockade, but it
does fall steeply during lX+l3-receptor blockade. The large
difference in slopes under these two conditions demon-
strates the presence of feed-forward sympathetic coronary
vasodilation during exercise (Fig. 5).

A drawback to these pharmacologic demonstrations of
feed-forward l3-adrenoceptor vasodilation (and o-adreno-
ceptor vasoconstriction) is that blockade of either lX- or
l3-adrenoceptors tends to increase circulating catecholamine
concentrations, particularly during exercise. Exercise during
lX-adrenoceptor blockade, for example, leads to higher nor-
epinephrine concentrations that may exaggerate feed-
forward l3-adrenoceptor coronary vasodilation (156-158).
One way around this problem is to estimate the vascular
effects of the cardiac catecholamine concentrations mea-
sUred during normal exercise without adrenergic blockade.

In the case of epinephrine, this approach is relatively
straightforward because epinephrine from the adrenal
glands reaches the heart via the arterial plasma. When epi-
nephrine is infused into resting dogs to mimic arterial epi-
nephrine concentrations achieved during strenuous exercise,
there is little increase (6%) in myocardial oxygen consump-
tion and no change in coronary sinus oxygen tension (158).
Therefore, circulating epinephrine has little direct coronary
vascular effect during exercise.

In the case of norepinephrine, the plasma concentra-
tions are not immediately informative because the sympa-
thetic nerves deliver norepinephrine directly into the cardiac
interstitial space. The interstitial norepinephrine concentra-
tion acting on coronary arterioles can be estimated from
arterial and coronary venous plasma concentrations, coro-
nary plasma flow, and the coronary capillary permeability to
norepinephrine (159). In strenuously exercising dogs, the
interstitial concentration was estimated to be 12 nM (158).
Norepinephrine dose-response data in isolated coronary re-
sistance vessels (144) indicate that this concentration should
increase arteriolar conductance by -67%, which means that
feed-forward l3-adrenoceptor vasodilation can account for
-25% of the increase in coronary blood flow in exercising
dogs (158).

Integrating a-Adrenoceptor Vasoconstriction
with 13-AdrenoceptorVasodilation, It is apparent that
both o-vasoconstriction and l3-vasodilation occur simulta-
neously in the coronary circulation during sympathetic ac-
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tivation. These effects may not be as antagonistic as they at
first appear. o-Adrenoceptor vasoconstriction is predomi-
nantly a large vessel (> 100 urn) phenomenon, whereas
small vessels only relax in response to norepinephrine (143-
145). This may be explained by the distribution of a- and
(3-adrenoceptors along the coronary arterial tree (160, 161).
This reciprocal gradient in adrenoceptors favors sympa-
thetic vasodilation in resistance vessels and vasoconstriction
in distribution vessels. Therefore, a-adrenoceptor vasocon-
striction and (3-adrenoceptor vasodilation appear to be spa-
tially distributed so as to increase coronary blood flow «(3)
and at the same time improve transmural flow distribution
(a). The feed-forward (3-adrenoceptor vasodilation accounts
for -25% of the increase in coronary blood flow observed
during exercise.

Pathophysiology
Studies indicate that control of coronary blood flow is

altered at rest and during exercise under pathophysiological
conditions such as hypertension, diabetes, and heart failure.
However, it is unclear whether these conditions lead to any
imbalance between oxygen delivery and myocardial oxygen
consumption. In addition, the specific mechanism(s) under-
lying this impairment remain to be elucidated.

Hypertension. Hypertension may be accompanied
by increased sympathetic nerve activity and/or alterations in
adrenergic receptor sensitivity, which may adversely affect
coronary flow regulation (162). Increased vascular reactiv-
ity to vasoconstrictor substances has been observed in
clinical hypertension (163, 164) and in animals models
of hypertension (165, 166). Gwirtz (162) determined
that enhanced a ,-adrenoceptor-mediated coronary vasocon-
striction limits coronary blood flow at rest and during ex-
ercise in dogs with renovascular hypertension. However,
whether this enhanced adrenergic constriction is sufficient
to limit the balance between coronary blood flow and myo-
cardial metabolism is presently unknown. In addition, it is
also unclear if vasodilator mechanisms are altered or im-
paired by chronic hypertension.

Diabetes Mellitus. Dysfunction of the coronary cir-
culation could, in part, be responsible for the increased in-
cidence of myocardial ischemia, infarction, and sudden car-
diac death among patients with diabetes mellitus (167, 168).
Coronary flow reserve (169-171) and pacing-induced coro-
nary vasodilation (170) are reduced in diabetic patients with
no evidence of coronary artery disease. Pharmacologic and
pacing-induced increases in coronary blood flow are also
attenuated in experimental diabetes (172-174). However,
there has not been- an examination of whether coronary
blood flow control is impaired sufficiently to decrease the
balance between coronary blood flow and myocardial oxy-
gen consumption during exercise-induced increases in myo-
cardial metabolism. ",-

Heart Failure. The literature on coronary blood flow
control in heart failure is discordant. Studies have reported
a decrease (175) or no change (176, 177) in resting coronary
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blood flow from patients with dilated cardiomyopathy and!
or congestive heart failure. Investigations in animals with
experimental, pacing-induced heart failure have reported
both increased (178-180) and decreased (181-184) coro-
nary blood flow. These conflicting results are most likely
due to differing levels of myocardial oxygen consumption,
the primary determinant of coronary flow. Traverse et al.
(184) reported that pacing-induced heart failure in dogs de-
creased myocardial oxygen consumption and coronary
blood flow both at rest and during exercise, but did not
appear to result in an imbalance between myocardial oxy-
gen delivery and metabolism. This finding is consistent with
an earlier study in patients with congestive heart failure in
which myocardial oxygen consumption was increased by
dobutamine (185). These studies suggest that mechanisms
that regulate coronary control in response to increases in
myocardial metabolism appear to be intact during heart fail-
ure, and that the diminished coronary blood flow per gram
observed during heart failure is secondary to a decreased
myocardial oxygen consumption.

Conclusions
The mediator or mediators of local metabolic coronary

vasodilation remain unknown. Numerous studies that have
examined the role of adenosine, K+ATP channels, and nitric
oxide in coronary flow control have produced little evidence
that any of these factors contribute to metabolic vasodilation
during increases in myocardial oxygen consumption. How-
ever, nitric oxide and K+ATP channels do contribute to the
regulation of coronary vascular tone under normal, resting
conditions. Taken together, these factors do not result in a
redundant compensating mechanism of coronary blood flow
control during exercise. Prostaglandins and potassium
are not important in steady-state coronary flow regulation
during exercise. Other factors such as ATP and EDHFs
have been implicated as possible local metabolic coronary
vasodilators, but have not been examined during exercise
hyperemia.

Feed-forward (3-adrenoceptor-mediated coronary vaso-
dilation has been shown to account for -25% of coronary
vasodilation observed during exercise. This dilation is a
direct effect of norepinephrine's action on small coronary
arterioles. Norepinephrine-induced a-adrenoceptor-
mediated coronary vasoconstriction reduces upstream ves-
sel compliance and lessens wasteful to-and-fro flow in the
coronary arterial tree. This paradoxical effect of proximal
coronary artery vasoconstriction during exercise helps to
maintain blood flow to the vulnerable subendocardium
when heart rate, myocardial contractility, and oxygen con-
sumption are elevated.

The fact that (3-adrenoceptor-mediated coronary vaso-
dilation accounts for approximately one-quarter of exercise
hyperemia means that.local metabolic and/or endothelium-
dependent dilation must account for the other three-quarters
of exercise-induced vasodilation. This distribution of coro-
nary flow regulation may be altered under pathophysiologiC



conditions such as in hypertension, diabetes mellitus, or
heart failure.
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