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The involvement of ATP-sensitive potassium channels and
adenosine in the regulation of coronary flow in the isolated
perfused rat heart

Michael D. Randall

Department of Physiology and Pharmacology, University of Nottingham Medical School, Queen's Medical Centre, Nottingham
NG7 2UH

1 The roles of adenosine 5'-triphosphate (ATP)-sensitive potassium channels (KATp) and endogenous
adenosine in the regulation of coronary flow have been assessed in the isolated, buffer-perfused heart of
the rat.
2 In the presence of glibenclamide 10 Mm there was a significant (P<0.001) reduction in coronary flow
from a baseline value of 8.78 +0.76 ml min'` g'` to 3.89 +0.59 ml min'` g-. This change was

accompanied by a significant (P< 0.01) reduction in cardiac mechanical performance as shown by the
decrease in the pressure-rate product from 21,487+2,577 mmHg min-' to 6,950+ 1,104 mmHg min-m.
3 The non-selective adenosine antagonist 8-phenyltheophylline (10 Mm) also caused a significant
(P<0.001) reduction in coronary flow from a basal value of 10.4+0.6 ml min-' g-' to
6.32+0.60 ml min-I g-1. The subsequent addition of glibenclamide, in the presence of 8-phenyltheo-
phylline, brought about a further significant (P<0.001) reduction in coronary flow to
3.05+0.55 ml min-I g1' and this value was similar to that in the presence of glibenclamide alone.
4 In hearts perfused under constant flow conditions, exogenous adenosine caused dose-related
reductions in coronary perfusion pressure described by a maximum reduction in pressure of
30.7+ 3.9 mmHg and an ED50 of 977± 813 pmol. Addition of glibenclamide caused a significant
(P<0.01) increase in coronary perfusion pressure of 44.7 + 7.2 mmHg and a significant (P< 0.05)
rightward shift of the dose-response curve for the depressor effects of adenosine (ED50= 13.5 ± 3.8 nmol),
with a depression (P<0.05) of the maximum (16.3 ±2.4 mmHg).
5 In conclusion, both KATP and endogenous adenosine make major contributions towards coronary
vascular tone and the regulation of coronary flow in the rat isolated heart. Furthermore, in the coronary
vasculature a significant proportion of the vasodilator action of adenosine is mediated through the
activation of KATP.
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Introduction

Recent interest has focused on the role played by the vascular
smooth muscle adenosine 5'-triphosphate (ATP)-sensitive
potassium channel (KATp) in the regulation of vascular tone
and blood flow. These channels are regulated by purine deri-
vatives associated with cellular metabolism; intracellular ATP
promotes closure, and high ADP favours opening of KATP
(Nichols & Lederer, 1991). Therefore, the activity of these
channels may be determined by metabolic status, which has led
to the 'ATP hypothesis of blood flow regulation' (Nichols &
Lederer, 1991).

In terms of participating in the regulation of basal
vascular tone, Jackson (1993) has reported that KATP plays
an important role in determining microvascular tone in the
hamster cheek pouch and cremaster muscle under resting
conditions. It should be noted, however, that the magnitude
of such a role may depend on the vascular bed and also
the degree of oxygenation, (Randall, 1994). In the canine
coronary vasculature KATP has been implicated in auto-
regulation as blockade of these channels abolishes dilator
responses associated with arterial occlusion (Komaru et al.,
1991; Narishige et al., 1993). In addition these channels
also mediate both coronary collateral dilatation (Lamping
et al., 1994) and reactive hyperaemic responses (Aversano
et al., 1991) in the canine heart. KATP have also been im-
plicated in hypoxic vasodilatation in the isolated perfused
heart of the guinea-pig (von Beckerath et al., 1991). Not
only may KATP participate in coronary vascular regulation

under conditions of metabolic stress, but studies in the
canine coronary vasculature have demonstrated that glib-
enclamide induces oscillations in arterial diameters under
resting conditions, suggesting a role for KATP in coronary
vasomotion (Nakae et al., 1994). Furthermore, glib-
enclamide reduces basal coronary flow in the dog in vivo
(Samaha et al., 1992; Imamura et al., 1992; Billman et al.,
1993), identifying a role for these channels in the regulation
of basal tone. In addition, electrophysiological data from
patch clamp studies on pulmonary arterial vascular smooth
muscle cells support the notion that KATP participates in
the regulation of resting membrane potential, with the
contribution becoming greater as intracellular ATP levels
are reduced (Clapp & Gurney, 1992).

KATP not only responds to changes in intracellular meta-
bolism but may also be activated by a variety of endogenous
mediators. These include prostanoids (Bouchard et al., 1994),
fi-adrenoceptor agonists (Randall & McCulloch, 1995) and
adenosine (Kirsch et al., 1990; Belloni & Hintze, 1991; Merkel
et al., 1992; Dart & Standen, 1993). Accordingly, KATP activity
may be highly regulated by a variety of systems.

The present investigation has been carried out to assess the
contribution made by KATP in the regulation of coronary flow
in the isolated, buffer-perfused rat heart. To achieve this, the
effects of the selective KATP inhibitor glibenclamide (Sturgess et
al., 1985) on coronary flow have been studied under constant
pressure perfusion. Given the well-established role for adeno-
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sine in blood flow regulation in the heart (Berne, 1963, 1980)
the effects of adenosine receptor antagonism on coronary flow
have also been determined to assess the contribution made by
endogenous adenosine to basal blood flow. Furthermore, the
possibility that the effects of adenosine may be mediated by
KATP in the coronary vasculature has been explored.
A preliminary account of part of this work has been pre-

sented to the British Pharmacological Society (Randall, 1995).

Methods

Preparation of the isolated Langendorif heart perfused at
constant pressure

Male Wistar rats (220-380 g) were heparinized (1,000 u kg-'
i.p.) and anaesthetized with sodium pentobarbitone
(60 mg kg-', i.p.: Sagatal, Rh6ne MWrieux, Harlow, Essex). In
each case, following a mid-line thoracotomy, the heart was
rapidly excised and placed in ice-cold oxygenated modified
Krebs-Henseleit solution (containing (mM): NaCl 118, KCl
4.7, KH2PO4 1.2, MgSO4 1.2, NaHCO3 25, CaC12 2, D-glucose
10, Na-pyruvate 2) to arrest cardiac contraction. The aortic
stump was then cannulated and the heart perfused retrogradely
according to the method of Langendorff (1895) at a constant
pressure of 60 mmHg with oxygenated (P02 = 550-
600 mmHg) Krebs-Henseleit buffer. A water-filled latex bal-
loon catheter, coupled to a pressure transducer, was inserted
through the pulmonary vein and advanced into the left ven-
tricle in order to measure developed left ventricular pressure
(DLVP). In each case left ventricular end diastolic pressure
was initially set at 5 mmHg by adjusting the volume of fluid in
the balloon. The pressure transducer was coupled to a MacLab
4e recording system (ADInstruments, New South Wales,
Australia) and heart rate was derived from the pressure signal.
Coronary flow was measured by means of a transit time ul-
trasonic flow meter (model T106, Transonic Systems In-
corporated, Ithaca, New York, U.S.A.) coupled to an
extracorporeal flow probe placed in series with the aortic
cannula. Under these conditions drugs were added to the
perfusion fluid to achieve the desired concentration.

Preparation of the isolated Langendorif heart perfused
under constant flow conditions

The heart was prepared in exactly the same way as described
above for constant pressure perfusion except that perfusion
was performed by means of a peristaltic pump (Watson-
Marlow, 504S), at a flow rate to achieve a coronary perfusion
pressure of approximately 90 mmHg. In these experiments
drugs were injected as bolus doses close to the aortic inflow
cannula in volumes of 30- 100 jil and the effects on both
coronary perfusion pressure and mechanical performance were
recorded.

Experimental protocol

To assess the effects of glibenclamide (10 tM) on coronary flow
under constant pressure conditions preparations were equil-
brated for 15 min, after which time coronary flow and cardiac
mechanical performance were recorded over the next 15 min
and the time-averaged values obtained. Glibenclamide or ve-
hicle was then added to the perfusion fluid and following a
15 min equilibration period the effects on coronary flow and
mechanical performance were recorded for another 15 min.
The vasorelaxant viability of the preparation was then assessed
by the addition of 100 gM sodium nitroprusside.

In order to assess the effects of 8-phenyltheophylline 10 gM
(8-PT) on coronary flow preparations were equilibrated for
15 min, after which coronary flow and cardiac mechanical
performance were recorded for the next 15 min. 8-PT was then
added to the perfusion fluid and following a 15 min period the
effects on coronary flow and mechanical performance were
recorded for 15 min. Following this any additional effect of
glibenclamide was determined by addition of glibenclamide
(10 gM) in the presence of 8-PT and the effects determined
after a further 15 min.

To examine the ability of the potassium channel activator
levcromakalim to increase baseline coronary flow, prepara-
tions were perfused under constant pressure conditions. A
dose-response curve was constructed for levcromakalim by
close arterial injections of the potassium channel activator and
the effects on both coronary flow and mechanical performance
were determined.
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Figure 1 A representative trace showing the effects of glibenclamide on the cardiac variables (coronary flow, left ventricular
pressure, coronary perfusion pressure and heart rate). The initial portion of the trace shows the baseline values and is followed by
the addition of glibenclamide (10yM) to the perfusion fluid at 30min with the subsequent equilibration.
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In order to determine whether adenosine activates KATP in
the coronary vasculature dose-response curves were con-
structed for exogenous adenosine under constant flow condi-
tions. Glibenclamide (10 pM) was then added to the perfusion
fluid and dose-response curves were again constructed for
adenosine following a 15 min wash-in period. Administration
of glibenclamide resulted in a consistent increase (ca.
45 mmHg) in coronary perfusion pressure. In order to control
for the possible effects of this increase in tone on vasorelaxant
responses another dose-response curve was constructed for
adenosine in the presence of glibenclamide, but at a level of
tone equivalent to the initial baseline (ca. 90 mmHg). This was
achieved by reducing the flow rate to yield a perfusion pressure
close to the initial level.

Quantitation and statistical analysis

All data are given as the mean+ s.e.mean and were compared
by either analysis of variance or Student's t tests (paired or
unpaired) as appropriate. Cardiac mechanical performance
was quantified as the pressure-rate product (PRP), which is the
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mathematical product of DLVP and heart rate. ED50 values
for vasodilator responses were obtained from individual dose-
response curves as the dose at which the half-maximal relaxant
response occurred. These variables were determined by fitting
the data to the logistic equation:

Rmax AnH
ED50 nH + AnH

where R is the response, A the dose of vasorelaxant, Rmax the
maximum response, nH the slope function and ED50 the dose
of the vasorelaxant giving half the maximal response. The
curve fitting was carried out using KaleidaGraph software
(Synergy, Reading, PA, U.S.A.) running on a Macintosh LC
III computer. The ED50 values were converted to the
logarithmic values for statistical analysis.

Drugs

All solutions were prepared on the day of the experiment.
Glibenclamide (Research Biochemicals Incorporated, Natick,
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Figure 2 Cardiac variables in the isolated buffer perfused heart of the rat under control conditions, in the presence of glibenclamide
(10uM) and in the presence both glibenclamide 1OpM (Glib) and sodium nitroprusside 100pM (SNP). (a) Shows the effects on

coronary flow, (b) developed left ventricular pressure, (c) heart rate and (d) mechanical performance assessed by the pressure-rate
product. *P<0.05, **P<0.01 and the ***P<O.OO1 indicate statistically significant differences from the controls. The data were

obtained from 6 preparations and are given as mean+ s.e.mean (indicated by the vertical bars).
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MA, U.S.A.) was dissolved in dimethylsulphoxide (DMSO) as
a 10-2M stock solution and the final concentration of DMSO
in the perfusion fluid was 0.001% (v/v). 8-Phenyltheophylline
(8-PT) was initially dissolved in 0.1 M NaOH, adenosine was
dissolved in 0.05 M NaOH and both were from Sigma Che-
mical Company, Poole, UK. Levcromakalim (a generous gift
from SmithKline Beecham, Surrey, U.K.), was dissolved in
70% (v.v) ethanol. Sodium nitroprusside (Sigma) was dis-
solved in 0.9% saline and protected from light. All drugs were
then diluted to the required concentrations in the Krebs-
Henseleit solution.

Results

Effects of glibenclamide on coronary flow

In 6 preparations, perfused at constant pressure, basal cor-
onary flow was 8.78 + 0.76 ml min- 1 g'-X (wet weight) and the
pressure-rate product was 21,487 + 2,577 mmHg min-' (Fig-
ures 1, 2a and d). Following the addition of glibenclamide
(10 gM) coronary flow was significantly (P<0.001) decreased
to 3.89+0.59 ml min-' g-1 and the mechanical performance
was also significantly (P<0.01) depressed with a pressure-rate
product (PRP) of 6,950+1,104 mmHg min'. The reduction
in mechanical performance was due to a reduction in DLVP
(P<0.01; Figure 1 & 2b) and also bradycardia (P<0.01;
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Figure 2c). The reduction in coronary flow was fully reversed
by the addition of sodium nitroprusside (100 uM) when it was
9.20 + 0.80 ml min' g-, while the mechanical performance
was only partially restored (PRP= 14,315 + 884 mmHg min'
(Figures 2a and d).

In 3 vehicle/time control experiments baseline coronary flow
was 9.5 ml min-' g' and the pressure-rate product was
9.51 + 0.53 23,429 + 2,079 mmHg min- l. These variables were
not significantly influenced by the addition of DMSO (0.001v/
v) or the time course of perfusion. In these experiments the
subsequent addition of sodium nitroprusside 100 gM increased
coronary flow to 10.9+ 1.1 ml min' g-1 and the pressure-rate
product was 28,607+ 3,458 mmHg min-'.

Effects of 8-phenyltheophylline on coronary flow

In 6 different preparations basal coronary flow was
10.4+0.6 ml min' g'- and the PRP was 24,740±
1,350 mmHg min' (Figure 3a and d). In the presence of 8-PT
10 gM these values were significantly (P< 0.001) reduced to
6.32+0.60 ml min-' g-' and 13,290 +1,728 mmHg min-'
respectively (Figure 3a and d), with there being a marked
(P<0.001) reduction in DLVP and modest bradycardia (Fig-
ure 3b and c). The subsequent administration of glibenclamide
(10 gM), in the presence of 8-PT, brought about further de-
creases in these vaiables to 3.05 + 0.55 ml min-' g-l
(P<0.001) and 6,085± 1,267 mmHg min-' (P<0.001) with
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Figure 3 Cardiac variables in the isolated buffer perfused rat heart under control conditions, in the presence of 8-
phenyltheophylline lOyM (8-PT) alone and in the presence of both glibenclamide 1OjiM (Glib) and 8-phenyltheophylline lOyM
(8-PT). (a) Shows the effects on coronary flow, (b) developed left ventricular pressure, (c) heart rate and (d) mechanical performance
assessed by the pressure-rate product. ***P<O.0J1 indicate statistically significant differences from the controls. The data were
obtained from 6 preparations and are given as means ± s.e.mean (indicated by the vertical bars).
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there being both a reduction in developed pressure and bra-
dycardia (Figure 3b and c). All of these values were similar to
those obtained in the presence of glibenclamide alone.

Effects of levcromakalim on coronary flow

In 10 hearts perfused under constant pressure conditions cor-
onary flow was 12.3+ 1.4 ml min' g ', and the PRP was
20,093 + 1,520 .ImHg min-'. In these preparations levcroma-
kalim gave rise to dose-related increases in flow described by
an ED5 of 2.31 + 1.29 nmol and a maximum increase in flow
of 3.43 + 0.09 ml min-' g' (Figure 4).

Effects of glibenclamnide on vasorelaxant responses to
adenosine

For the 6 preparations perfused under constant flow condi-
tions the cardiac variables are given in Table 1. In these pre-
parations adenosine (11 pmol- 112 nmol) caused dose-related
reductions in coronary perfusion pressure described by an
R,, = 30.7 ± 3.9 mmHg and an ED50= 977± 813 pmol (Fig-
ure 5). In these preparations the addition of glibenclamide
(10 JiM) to the perfusion fluid caused a significant (P<0.01)
increase in perfusion pressure of 44.7+ 7.2 mmHg. Glib-
enclamide caused a significant (P<0.05) rightward shift in the
dose-response curve for the vasorelaxant properties of ade-
nosine (ED50= 13.5 + 3.8 nmol) and also a depression
(P<0.05) of the maximum response (16.3 ± 2.4 mmHg) (Fig-
ure 5). A different dose-response curve for the effects of
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Figure 4 Dose-response curve for increase in coronary flow in the
isolated perfused rat heart in response to levcromakalim (n= 10). The
vertical bars indicate s.e.mean.

adenosine in the presence of glibenclamide was also con-
structed under a level of tone equivalent to that in the controls
(Table 1). The dose-response curve under these conditions was
similar to that previously obtained in the presence of glib-
enclamide at the normal flow rate (R,, =21.2±3.6 mmHg
and EDso= 18.6± 6.8 nmol), as it was also shifted to the right
with a depression of the maximum (Figure 5).

Discussion

The findings of the present investigation clearly indicate that a
glibenclamide-sensitive mechanism and endogenous adenosine
make major contributions towards the regulation of basal
coronary flow in the isolated perfused heart of the rat. It thus
seems reasonable to assume that KATP plays an important role
in mediating these effects. Additionally, a link between
adenosine and KATP activation has been identified in this
vascular bed, which indicates that a significant portion of the
vaso-regulatory role of adenosine is probably mediated
through these channels, at least in the rat.

The participation of KATP in coronary flow regulation is
indicated by the observation that glibenclamide reduced cor-
onary flow by approximately 55%. A similar observation was
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Figure 5 Dose-response curves for the reductions of coronary
perfusion pressure by adenosine in the rat isolated heart, perfused
under constant flow conditions. (U) Indicates control data, (C) the
responses to adenosine in the presence of glibenclamide 1OiM at
equal flow rate and (A) indicates the effects of glibenclamide on
responses to adenosine at equivalent tone. The vertical bars indicate
s.e.mean (n= 6).

Table 1 The cardiac variables from the isolated buffer-perfused heart in the absence and presence of glibenclamide 10 uM at both equal
flow rate and equivalent tone

Treatment

Coronary flow
(mlming- gel)
Coronary perfusion
pressure (mmHg)
DLVP (mmHg)

Heart rate (beats mink')

Pressure-rate product
(mmHg mink)

Control

13.8±0.9

90.1±3.5

108±11

278±9

30,084 ± 3,123

+ Glibenclamide

13.8 ± 0.8

135±7
(**)

97.7 ± 10.9

271±20

26,133 ±2,945

+ Glibendlmide
at equivalent tone

7.71 ±0.64

94.8±6.1

67.3±5.2
(*)

241±+20

16,324 ± 2,015
(**)

*P<0.05, **P<0.01 and ***P<0.001 indicate statistically significant differences between the controls and the treatments. The data are
given as mean ± s.e.mean (n = 6).

3072



M.D. Randall KATp-channels, adnosis and coronary flo 3073

obtained in the rat heart by Miwa et al. (1994), although it
should be noted that they used a much lower concentration of
glibenclamide (700 nM) and correspondingly observed a
smaller decrease (10%). In the guinea-pig perfused heart
glibenclamide 10 pM produces a 24% reduction in coronary
flow (Niya et al., 1994) and this provides evidence for KATP
playing an important regulatory role in this vascular bed. The
reduction in flow in the present study was accompanied by a
depression of cardiac mechanical performance as shown by
reductions in both DLVP and heart rate. The reduction in
mechanical performance may have been partially due to
myocardial underperfusion, as a result of the reduction in
coronary flow, and would therefore indicate that KATP activity
also has an indirect effect on cardiac performance. The effects
of glibenclamide on coronary flow were reversed by the
nitrovasodilator sodium nitroprusside suggesting that the sul-
phonylurea was having a specific, reversible action on vascular
control as opposed to inducing vasospasm through tissue da-
mage. However, the effects of glibenclamide on mechanical
performance were only partially reversed by the restoration of
coronary flow. This may indicate that either glibenclamide has
a myocardial depressant effect independent of its vascular ac-
tions or that the underperfusion resulted in tissue damage. The
former would seem unlikely as cardiac KA1p-activation, rather
than inhibition, is thought to be responsible for a protective
myocardial suppressant effect (Noma, 1983). A myocardial
depressant effect of sodium nitroprusside may be ruled out as
there was no impairment of mechanical performance when
sodium nitroprusside was administered in the absence of
glibenclamide.

The effects of glibenclamide on vascular regulation were
independent of the mode of perfusion as under constant flow
conditions this agent caused appreciable increases in vascular
tone through the inhibition of KATP. Hence, the involvement of
KATP in vascular regulation occurs in both the presence (i.e.
under constant pressure perfusion) and the absence (constant
flow mode) of intrinsic autoregulatory mechanisms.

The magnitude of the reduction in coronary flow in re-
sponse to glibenclamide indicates a substantial role for KATP
and is comparable to the role played by nitric oxide in the rat
heart, as chronic inhibition of nitric oxide synthase is asso-
ciated with a 40% reduction in coronary flow (Constantin-
Teodosiu et al., 1995). Despite this important contribution
towards vascular regulation the KATP would not appear to be
maximally activated under basal conditions as the potassium
channel activator levcromakalim was able to cause appreciable
vasodilatation of basal tone in the present study and also in the
study by Miwa et al. (1994).

The involvement of KATP in the regulation of coronary flow
identified in the present investigation accords with similar
findings in the canine coronary vasculature (Samaha et al.,
1992; Imamura et al., 1992; Billman et al., 1993) and resistance
beds in the hamster (Jackson, 1993). Furthermore, haemody-
namic data from conscious rats indicate that glibenclamide
produces regional increases in vascular resistance (Moreau et
al., 1994), which suggests that KATP also regulates vascular
tone in vivo and in beds other than the coronary vasculature.
Despite these observations there are several studies which do
not support a role for KATP in the control of basal vascular
tone under normal conditions (for reviews see Nichols & Le-
derer, 1991; Nelson & Quayle, 1995), and only contribute
during metabolic impairment (Randall, 1994).

The reduction in coronary flow in response to the non-
selective adenosine antagonist was to be expected as adenosine

is an established coronary vasodilator and has a well-defined
role in coronary flow regulation (Berne, 1963; 1980). It is in-
teresting to note that the subsequent addition of glibenclamide
in the presence of 8-PT was similar to the addition of glib-
enclamide alone and may suggest that there is a degree of
overlap between the vasodilator actions of adenosine and KATP
activation. In this respect the coupling of adenosine receptor
activation and KATP opening is reasonably well established.
Specifically, patch clamp studies using membrane patches of
rat cultured ventricular myocytes (Kirsch et al., 1990), and
whole-cell current recordings from porcine isolated coronary
vascular smooth muscle cells (Dart & Standen, 1993), have
indicated that adenosine Al receptors may be positively cou-
pled, via a G-protein, to KATP. The possibility that adenosine is
coupled to KATP receives further functional support from evi-
dence that adenosine Al, but not A2 receptor agonists cause
sulphonylurea-sensitive vasorelaxation of porcine coronary
vessels (Merkel et al., 1992). Furthermore, in the rabbit ear
vasculature adenosine Al receptor activation augments the
vasorelaxant potency of the potassium channel opener lev-
cromakalim, perhaps suggesting modulation at the level of the
KATP (Randall et al., 1994). To test the hypothesis that ade-
nosine may be acting via KATP in the rat coronary vasculature
the effects of glibenclamide on the vasorelaxant responses to
adenosine were examined under constant flow conditions. In
these experiments glibenclamide caused non-competitive in-
hibition of adenosine responses, whether compared at the same
flow rate or equivalent tone. A non-specific inhibitory effect of
glibenclamide on vasodilatation may be excluded as the
vasodilator responses to sodium nitroprusside were unaffected
by its presence. These experiments therefore provide evidence
that in the rat coronary vasculature, adenosine may cause
KATP activation, either directly or indirectly. In addition to
acting via KATP there was a glibenclamide-insensitive compo-
nent to adenosine-mediated vasorelaxations. This accords with
work of von Beckerath et al. (1991) and Niya et al. (1994),
which similarly identified both glibenclamide-sensitive and -
insensitive components in the guinea-pig perfused coronary
vasculature. This difference was related to the different re-
ceptor subtypes involved. Interestingly, the non-vascular ac-
tions of adenosine on guinea-pig ventricular tissue are
glibenclamide-insensitive (Xu et al., 1994).

The contribution made by KATP towards coronary flow
regulation was appreciably greater than that made by en-
dogenous adenosine. Hence, adenosine release cannot fully
explain the activation of the KATP. It is therefore possible that
the endogenous release of vasoactive agents such as prosta-
noids may also lead to KATP activation (Bouchard et al., 1994).
Alternatively, under basal conditions a significant proportion
of KATP could be in the open state in the absence of agonist-
stimulation or in the context of a highly metabolic organ such
as the heart activated as a consequence of metabolic stress.

In the present investigation important roles have been
identified for both KATP and adenosine in the regulation of
coronary flow. Furthermore, it is likely, at least to some de-
gree, that the action of adenosine is transduced through KATP
activation. It is suggested that the 'adenosine hypothesis'
(Berne, 1980) and the 'ATP hypothesis' (Nichols & Lederer,
1991) of blood flow regulation are not mutually exclusive.

This study was funded by a project grant from The British Heart
Foundation (PG/94060) and an equipment grant from The Royal
Society. The author thanks Professor S.M. Gardiner for helpful
comments made during the preparation of the manuscript.
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