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Effect of Adenosine Antagonism on Metabolically Mediated Coronary

Vasodilation in Humans
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Objectives. This study was performed ¢o assess the importance
of adenosine in mediating metabolic coronary vasedilation during
atrial pacing stress in humans,

Background. Numerous animal studtes have examined the role
of adenosine in the regulation of coronary blocd flow, with
inconsistent results.

Methods. The effect of the adenosine sntagonist aminophyliine
(6 mgikg body weight intravenously) on coronary functionel
hyperemia during rapid atrial pacing was determined in 12
patients. The extent of inhibition of aﬁtrmsine vasodilation was
assessed using graded [ ine infuslons before
and after aminophylline ndmlnlsinﬁon in seven patients. Coro-
nary blood flow changes were with a 3F i y

Results. After aminophylfine sdministration, the increase in
coronary flow velocity during adenosine infusions was reduced
from 84 *+ 48% (mean % SD) to 21 + 31% above conirol values
(p < 0.001) at 19 ug/min and from 13D = 39% to 39 £ 51% above
controb values (p < 0.001) at 40 pg/min. During rapid atrial
pacing under control conditions, coromary bleod Sow velocity
increased by 26 + 16%. The flow increment duving paced
tachyenrdia after aminophytline (23 = 10%) was unchanged from
the contral value, despite ism of adenosh
coronary dilation by aminephyllire.

Conclusions. These data suggest that sdenosine does not play
an important role in the reguintion of coronary bleod fow in

Doppler catheter.

to rapid atrial pacing in bumans.
(J Am Coll Cardiol 1994;23:1421-6)

Although coronary blood flow is closely controlled to meet
myocardlal metabolic demands under normal conditions, the

or mech ible for bolic cor-
onary vasoregulation rem:uns uncertain (1). Adenosine has
been widely i igatedasap ial regulator of coronary

flow. Theophylline and other methylxanthines are known to
antagonize adenosine-induced vasodilation in the coronary
circulation of animals (2,3) and in the human forearm (4).
Numerous animal studies have examined coronary flow

after ad wnh melhylxanthtnes
or destruction of adenosine by ad: d with
inconsistent results. Some studies demonstrate that adeno-
sine plays a significant role in regulation of coronary flow
during reactive hyp ia (5,6), pacing-induced hyperemia
(7.8), inotropic stimulation with dobutamine (9) and behav-
iorally induced coronary flow increases (10). In contrast,
other studies indicate no change in basal myocardial biood
flow (11,12), metabolic regulation (13), coronary vasodila-
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tion during cxercise (14) ard coronary autoregulation {15)
after pharmacologic reduction of ad activity.

Few data are available with regard to the role of adeno-
sine in coronary vasoregulation in humans. Also, the efficacy
of aminophylline in inhibiting adenosine-induced coronary
vasedilation in humans is unknown. Accordingly, the pur-
pose of this study was ta assess the importance of adenosine
in mediating the coronary vasodilation that occurs with atrial
pacing stress. Aminophylline was used to produce pharma-
cologic of ad ine-induced coronary vasodi-
Ianon and the extent of this effect was assessed using graded

d i before and after amino-

phylline.

Methods

Patients undergoing elective coronary arteriography for the
evaluation of chest pain were considered for study if angiog-
raphy revealed a nonstenotic coronary artery that was
anatomically suitable for placement of a coronary Doppler
catheter and there was no evidence of left ventricular
dysfunction. The research protocol was approved by the
University of lowa Institutional Review Board, and writien
informed consent was obtained from each patient before
cardiac catheterization.

Coronary flow velocity measurement. Changes in coro-
nary blood flow were assessed using intracoronary Doppler
catheter measurement of coronary flow velocity according to
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the method of Wilson et al. (16). A 7F or 8F coronary
angioplasty guide catheter was positioned at the coronary
ostium, and a 0.014-in. coronary angioplasty guide wire was
advanced into the coronary artery to be studied. A 3F
20-MHz corenary Doppler with an infi lumen
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variables were allowed to return to baseline between infu-
sions. Aminophylline (Abbott Laboratories) was then in-
fused mtmvenously at the dose of 6 mg/kg over 10 min. The

at its tip (NuMed Inc.) was advanced over the guide wire
into the proximal vessel and positioned to obtain a high
quality phasic signal of blood flow velocity. The puised
Doppler meter {Bioengineering Department, University of
Iowa Hospitals and Clinics) was range gated to maximize the
amplitude of the mean coronary blood flow velocity signal.
Phasic and mean coronary blood flow velocity (kHz shift),
mean arterial pressure (mm Hg) obtained from the gmdmg
heter, heart rate (beats/min) and surface el
gram were contmuously recorded on a multichanael re-
corder. Alterations in coronary blood flow velocity were
expressed as percent change from the rest value. An index of
change in coronary 1 was also calcul
as the quotient of mean aostic pressure (mm Hg)/blood flow
velocity (kHz shift) after an intervention and mean aortic
pressure/blood flow velocity at control conditions.
Experimental protocol. Subjects were brought to the car-
diac catheterization laboratory in a fasting state. P

were d, and blood was drawn for
of serum theophylline level 5 to 10 min after

letion of the hylline infusi
Effect of hylline on bolicall diated coro-

nary vasodilation. The effect of adenosine antagonism with
aminophylline on the coronary blood flow response to rapid
atrial pacing stress was assessed in 15 patients. In three
patients, marked changes in the mean flow velocity signal
were observed after aminophyRine administration, suggest-
ing movement of the Doppler catheter during the protocol;
these studies were discarded. In the remaining six female
and six male patients (mean age 54 £ 11 years), single-vessel
coronary artery disease (diameter stenosis >50%) was
present in one, and minor lumen irregularities were seen in
five. Coronary flow velocity was measured in the [eft ante-
rior descending coronary artery in nine patients, in the left
circumflex coronary artery in two patients and in the lef
main coronary artery in one patient. Medications taken
included beta-blockers in one patient and calcmm channel

medications were continued on the day of the research
study. Di (5-10 mgintr iy or orally) was gwen
for sedation. No patient d atropine p di
The study was performed during intravenous infusion of
nitroglycerin at 8 ug/min to prevent catheter-induced coro-
nary artery spasm and to avoid changes in coronary artery
caliber that would influence the relation between changes in
coronary flow velocity and corenary blood flow. No patient
recelved medications comalmng melhylxanlhmes or dipyr-
le. B hines were with-
held for at least l2 h before the procedure.

Effect of hylline on adenosine-induced coronary
vasodilation. The effect of acute administration of intrave.
nous aminophylline on the coronary vasodilator actions of
intracoronary adenosine was studied in two female and five
male patients with a mean (=SD) age of 58 = 12 years.
Coronary flow velocity was measured in the left anterior
descending coronary artery in all patients. Single-vessel
coronary artery disease (diameter stenosis >3509) was
present in one patient, and mmor lumen irregularities were
seen in three pati Medi d calcium channet
blocking agents in four patients. No patients were receiving
beta-adrenergic blocking agents.

A 6F bipolar pacemaker was positioned at the high right
atrium, and atrial pacing was performed at 15 beats/min
above the rest rate throughout the protocol to prevent
changes in coronary fiow related to aminophylline-i mduced
increases in heart rate. Ad ine (Ad , Fuji
Pharmaceutical Company) in normal saline solution was
infused through the infusion lumen of the intracoronary
Doppler catheter at 10 and 40 ug/min for 2 min each. All
adenosine infusions were performed at a volume infusi

blockers in six patients. The i Yy proto-
col was also performed in two of these patients.

A 6F bipolar pacemaker was positioned at the high right
atrium, and atrial pacing was performed at 15 beats/min
above the rest sinus rate to prevent changes in coronary flow
related to aminophylline-induced increases in heart rate.
Myocardial metabolic demands were increased by gradually
increasing the heart rate over 2 min with atrial pacing to the
highest rate attainable withou: atrioventricular block; this
rate was maintained for 2 min. After a 5-min recovery
period, aminophylline was infused intravenously at the dose
of 6 mg/kg body weight over 10 min. The rapid atrial pacing
protocol was repeated, and blood was drawn for measure-
ment of the serum theophylline level 5 to 10 min after
completion of the aminophylline infusion.

Data analysis. Group data in the text are presented as
mean value * SD. Changes in study variables were com-
pared using the Student ¢ test or two-way analysis of
variance for repeated measures, with assessment of inter-
group differences using the Scheffé F test. Differences were
considered significant at the p < 0.05 level.

Results

Effect of aminophylline on adenosine-induced coronary
vasodilation, Systemic f ic status. Through
the study heart rate was maintained at 89 = 10 beats/min by
atrial pacing. Mean arterial pressure averaged 109 =
11 mm Hg under control condmons and was unchanged
during the i fi and the intra-
venous aminophylline mfus:on (Table 1). After aminophyl-

rate of 3 ml/min with a piston pump, and hemodynamic

line infusion, the serum theophylline level d103 +

1.9 ng/ml.
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Table 1. Effect of I Ami \line and T ry
Adenosine [nfusions on Mean Arterial Pressure
Adenosine Adenosine
Control (10 gg/min} Control 2 (40 pg/min)
Rest MAP (mm Hg) MW= 10+10 12x7 13 =8
MAP after aminophylline 108 = 7 196 108+7 w=7
infusion (mm Hg)

Data are group mean value = SD. MAP = mean arterial pressure.

Coronary bload flow velocity. Intracoronary infusion of
adenosine at 10 pg/min before aminophylline administration
resulted in an 84 + 48% increase in coronary blood flow
velocity (Fig. 1). Adenosine infusion at 40 pg/min resulted in
an increase in coronary flow velocity of 130 + 3y%. The
coronary blood flow response to adenosine was markedly
blunted by hylline. After hylline admi
tien, the adenosine-induced increase in coronary bleod ﬂow
was attenuated to 21 = 31% (p < 0.G01 vs. coatrol values)
and 59 * 51% (p < 0.001 vs. control values) for infusions at
10 and 40 pg/min, respectively (Fig. I).

Coronary vascular resistance index. Intracoronary infu-
sion of adenosine uader control condmons resulted in a
d in coronary index to 0,57 %
0.1t during the 10-ug/min infusion and 0.45 =+ 0.06 during the
40-pg/min infusion. After aminophylline administration, the
adenosine-induced decrease in coronary vascular resistance
index was attenuated to 0.86 + 0.15 (p < 0.01 vs. control
values) and 0.67 * 0.17 {p < 0.01 vs. control values) for
infusions at 10 and 40 pg/min, respectively. Thus, the
coronary vasodllalor effect of mlracnrunary adenosme infu-

4

sions p g imal coronuiy hyperemia was sub-
ially reduced by phylline.
Effect of aminophylline on bolicall; liated

corenary
vasodilation. Sy.m'mlr hemodynamic status. Control and
peak paced heart rates (78 = 8 and 123 = 9 beats/min,
respectively) were identical before and after aminophylline
administration. Aminophylline infusion resulted in a d
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Mean 1197
Arterlal 4gq.]
Pressure ! ol
(mm Hg) 904
60+
Coronary 404
Flow t t
Velocity 20
(% change
from Control) 0]
-20
Control Pace AM AM Pace

Figure 2. Etfect of intravenous aminophylline (AM) on mean arte-
tial pressure and coronary blood flow velocity during increases in
myocardial metabolic demand resulting from paced tachycardia
(PACE). During conirol periods, heatt rate was maintained at
15 beats/min above the initial rest rate. Coronary bloed fow velocity
is expressed as percent change from the initial controi flow velocity.
Data are group meap value + SD. *p < 005 versus controt
conditions and rapid atrial pacing. Tp < 0.01 versus coutro! condi-
tions and after aminophylline.

pressure was unchanged from the respective control values
(Fig. 2). After aminophylline infusion, the serum theophyl-
line level averaged 12.1 = 3.0 ng/ml.

Coronary blood flow velacity, Coronary blood flow ve-
locity increased by 26 * 16% during paced tachycardia
before aminophylline administration (p < 0.01) (Fig. 2).
Control flow velocity was not significantly affected by amin-
ophylline (=§ * 9% change from the initial control flow
velgcity). During paced tachycardia after aminophylline
administration, coronary flow velocity increased by 23 +
10% over the aminophylline control values (p < 0.01), which
was similar to that observed before aminophylline adminis-
tration. Thus, the increase in flow veloclty during pacmg

in mean arterial pressure from 102 = 12 to 94 + 9 mm Hg
(p < 0.05) (Fig. 2). During paced tachycardia, mean arterial

Figure 1. Effect of intravenous ammophyllme onthe coronary blaod
flow velocity response to i of ad Data
are group mean value = SD. *p < 0, 001 versus control canditions.

200

[ control
150 . aminophylline
Coronary
Fl

low
Velocity 100
(% change)

50

10 40
Adenosine Intracoronary Infusion
(b

tachycardia was not i by
with aminophylline,

Coronary vascular resistance index. Aminophylline had
no effect on the coranary vascular resistance index during
paced tachycardia (0.80 = 0.10 before, 0.82 * 0.06 after
aminophylline) (Fig. 3).

Discussion

This study demonstrates that coronary blood flow responses
to intr. y i of adenosine, producing submax-
imal vasodilation, are sut ially reduced by adi a-
tion of intravenous aminophylline in humans. This effect is
consistent with antagonism by theophylline of adenosine
receptors that mediate coronary vasodilation and was ob-
served with a dose of aminophylline commonly used in
clinical practice. Although aminophylline markedly attenu-
ated the coronary vasedilator effect of adenosine, it did not
influence coronary vasodilation relaied to increased myocar-
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1n

0.8 4 ]

Coronary Vascular
Resistance Index 0.6 7
during Pacing

044

0.2 4

Control Aminophylline
Figare 3. Effect of intravencus aminophylline on the coronary
vascular resistance index during paced tachycardia. Data are group
mean value + SD.

dial bolic d d duced by rapid atrial pacing
stress. These data suggest that adenosine does not play an
imporiant role in the regulation of coronary blood flow in
response to atrial pacing in humans.

Effect of aminophylline on adenosine vasodila-
tion. Methylxanthines are known to selectively inhibit
adenosine-induced vasodilation in the coronary circulation
of animals (2,3). In humans, aminophylline and caffeine
attenuate adenosine-induced increases in forearm blood flow
4,17) and systemic hemodynamlc changes (18 19). The
effect of methylxanthines on adenosi di coromry
vasodilation in humans has been d indirectly by
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to i ic stimulation with dot was blunted by
8-p- sulfophenyltheophyllme in anesthetized dogs (9). Reac-
tive hyperemia aﬂer brief coronary occlusion was reduced
by i y or theophylline in
anesthetized dogs (27) and by intravenous arnmophylhne in
conscious dogs (6). Increases in coronary blood flow related
1o aversive stress were attenuated by intravenous amino-
phylline in conscious dogs (10).

The results of other studies appear to be inconsistent with
the adenosine hypo.hesis. Intracoronary adcrosine deami-
nase produced minor or no changes in basal myocardial
blood flow in sedated pigs and anesthetized dogs {11,12). No
change in myocardial reactive hyperemia was observed after
intravenous aminophylline (28). Aminophylline did not re-
duce funcnuml hyperemla resulting from intracoronary nor-

ine in hetized dogs (29), and neither
the potem adenosme an!agomst 8 phenyltheophyllme nor
hyp in ng dogs
(14). Coronary autoregulation was unaffected by iniracoro-
nary adenosine deaminase (15) and by topical adenosine
deaminase and 8-phenyltheophylline (30) in anesthetized
dogs. It is likely that different mechanisms are involved in
coronary blood flow regulation during the multitude of flow
perturbations used in studies of the adenosine hypothesis,
and some mechanisms may not be pertinent to the regulation
of coronary blood flow in response to increased oxygen
demand.
Information with regard to the role of adenosine in the

demonstration of the elimination of dipyridamole-induced
coronary sinus flow increases by aminophylline (20) and
abnormalities in myocardial perfusion scans by theophylline
(21}. The present study is the first to directly demonstrate

of coronary blood flow in humans is limited.
Edlund et al. (20) d the effect of i amino-
phylline on coronary hemodynamic status during supine
cycling in normal subjects. After aminophylline administra-
tion, coronary vasculnr resnstance and myocan'lul oxygen

attenuation of the coronary vasodilator effect of ad during were i d with
by methylxanthmes in humans. control values, nllhough coronary sinus thermodilution flow

The hesis. The close iation b was not ch d significantly.
myocardlal oxygen ' demand and perfusion suggests that Adenosine and disorders of the haman coronary circuls-
of my dial bolism act as inthe  tion. Several studies have reported that aminophylline pos-

control of coronary blood flow, Although several potential
chemical regulators have been proposed and studied, the
mechanisms of metabolic coronary vasoregulation remain
uncertain (1). A role for adenaosiie in the control of coronary
flow was suggested by Berne (22), and studies in animals
demonstrate that adenosine fulfills several criteria for this
purpose. Adenosine elicits coronary vasodilation at very low
concentrations (23). It is released from the heart during
inotropic stimulation (24), exercise (25) and conditions in
which myocardial oxygen supply is insufficient to meet
demands, such as hypoxna (22). However, studies using
pharmacologic red in adenosine activity to
coronary vasomotor responses have been inconclusive (26).
A number of studies support the **adenosine hypothesis.” In
hetized dogs, intr aminophylline resulted in a
reduction in the increment in coronary flow during atrial
pacing and an increase in the transcardiac arteriovenous
oxygen difference (7,8). Coronary vasodilation in response

sesses significant antianginal activity in patients with ob-
structive coronary artery disease (31,32) and syndrome X
(33). This antianginal effect has been attributed to adenosine
receptor blockade, with a resultant decrease in adenosine-
mediated ischemic pain, or 10 improvement in coronary
blood flow to ischemic regions. A role for adenosine in the
development of anginal pain is suggested by several obser-
vations. Angina-like pain occurs during adenosine intrave-
nous infusion in healthy subjects (34), as well as during
intracoronary infusion in patients with coronary artery dis-
ease (35), and anginal pain produced by intracoronary aden-
osine is reduced by intravenous aminophylline (35). Patients
in the present study were p ic during i

nary adenosine infusions at doses below those needed to
produce anginal pain in other studies. Adenosine antagonism
could lead to improved blood flow to ischemic arcas by
blunting metabolic vasodilation to normally perfused myo-
cardial regions. In our study, aminophylline had no effect on
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metabolic vasodilation to a nonischemic vascular bed. How-
ever, we cannol exclude the possibility that adenosine
antagonism caused favorable transmural redistribution of
coronary blood flow that could not be detected by Doppler
catheter assessment of regional flow.

Limitations. In the present study, changes in coronary
blood flow were assessed using intracoronary Doppler cath-
eter measurements of coronary flow velocity rather than
absolute measurements of coronary blood flow. However,
extensive animal studies validating the coronary Doppler
catheter design used in this study have been published (16}.

The records of three patients were discarded because of
marked alterations in coranary flow velocity (increased in
two patients, decreased in one patient), suggesting move-
ment of the Doppler catheter within the coronary artery. The
results of this study are unchanged by inclusion of thesc
patients. If all 15 patients had been analyzed, the increase in
coronary flow velocity with paced tachycardia would have
been 26 + 14% under control conditions and 24 + 10% after
aminophylline administration (p = NS).

A nitroglycerin low dose (8 ug/min) intravenous infusion
was used during coronary blood flow velocity measurement
to prevent catheter-induced coronary artery spasm and to
avoid changes in coronary artery caliber that would influ-
ence the relaticn between changes in coronary flow velocity
and coronary blood flow. It is possible that the nitroglycerin
infusion influenced the results of the study. However, our
laboratory has demonstrated that nitroglycerin in much
larger doses has minimal sustained effects on coronary blood
flow (36). Furthermore, because the nitroglycerin infusion
continued throughout the study, any effects on ¢oronary
blood flow responses would be present both at comrol
conditions and after aminophylline infusion. The anti
medications that some patients received might have influ-
enced the initial hemodynamic response to atrial pacing.
However, it seems unlikely that these medicatians altered
the effect of adenosine antagonism on the coronary flow
response to atrial pacing, as they have ro known activity at

p and medication effects were present
Eoth at control conditions and after ammophyllmc mfusmn

Although flow resp were dina

coronary artery in all patients, it is uncertain whether the
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tions are plausible. Several potentia! limitations relate to the
use of ammophylhne In the presem study, aminophylline
was d rated to aits ine-induced coronary
flow increases that were grea!er in magnitude than the
vasodilation occurring with pacmg Because ammophyllme
is thought ta be a petitive of

ptors, equivalent at of smaller degrees of va-
sodilation due to adenosine would be expected, but this was
not demonstrated specifically in this study. It is possible that
the adenosine receptors on vascular smooth muscle, rather
than endothelial cell adenosine receptors, are important in
voronary blood fiow regulation. Whelher ammophyllme.
which is a relatively weak of ad
vasodilation compared with agents available for use in
animal studies, produces blockade of vascular smooth mus-
cle adenosine receptors in humans is uacertain. Adenosine
production during increased oxygen demand may be en-
hanced by adesosine ists (37). d
production may largely overcome competitive receptor
blockade and maintain functional hyperemia near control
levels.

1t is possible that several mediators may interact in the
regulation of coronary blood flow, and other mediators may
compensate for loss of adenasine activity to maintain phys-
iologic responses.

Finally, the pacing protocol used in this study produced a
modest increase in coronary blood flow. This small inittal
resp makes d of a reduction in the re-
sponse by an intervention more difficult. Adenosine may
play a greater role in metabolic coronary vasodilation at
higher levels of myocardial oxygen demand than were
achieved in this study.

We thank the persunnei of the Cardiac Catheterization Laboratory of the
University of lowa Hospitals and the Towa City Velerans Affairs Medical
Center for technical assistance and Betle Brant for secretarial assistance.

References

. Olsson RA, Bunger R. Melmbolic control of coranary blood fow. Prog
Cardiovase Dis 1987:29:369-8'

. Alfonso S. lnl\xbmon of coronary vasaditating action of dipyridamole and

e

interrogated vessel was physiol lly normal. {t is possibl
that abnormalities in endothelial function were present in our
study group, given the age of the patients and the presence of’
risk factors for coronary artery disease and angiographically
evident coronary irregularitics in many of the patients.
Mechanisms of control of caronary blood flow during in-
creased myocardial oxygen demand may differ in normal
patients and in those with nonobstructive coronary athero-
sclerosis.

Intravenous aminophylline markedly attenuated the cor-
onary vasodilator effect of exogenously administered aden-
osine but did not influence pacing-induced functional hy-
peremla in this study. Although these findings provide

in the dog. Circ Res 1970;26:743-52.

Downing SE. Restorlign of coronary difator action of aderosine in

experimental diabetes. Am J Physiol (Heart Circ Physial) 1992:249:

HIR-7.

. Smits P. Lenders JW, Thien T, Caffeine and theophyliine attenuate

adenosine-induced vasedilation in humans, Clin Pharmacol Ther 1990;48:

410-8.

Giles RW, Wilcken DEL. Reactive hypersemia in the dog heart: inter-

relatians between adenosine, ATP, and aminophylline and the effect of

indomethacin. Cardiovase Res 1977;11:113-21.

Radford MJ, McHale PA, Sadick N, Schwartz GG, Greenfield IC Jr.

Effect of ammophylhnc o coronary reactive and functional hyperagmic

response in conscious dogs. Cardiovasc Res 1984; IB 37783,

Randall JR, Janes CE. Adenosk hyli
pacing-induced coronary funclional hyperemiz. Am J Physiol (Heart Cire

Physiol) 1985:248:H1-7.

Lammerant J, Becsei L. Inhibition of pacing-induced coronary dilation by

e

-

o8

o

>.

Ed

against the ad hypoth other expl

pl . Cardiovase Res 1975:9:932-7.



1426

s

B

ER

=

I
=

~

. Olsson RA, Kiouri EM, Bedynck JL, McLean I. Coronary

ROSSEN ET AL.
ALENOSINE AND CORONARY VASODILATION

Martin SE, Lenhard SD, Schmarkey LS, Offenbacher S, Odle BM.
Adenosine regulates coronary bleod flow during increased work and
decreased supply. Am J Physiol (Heast Circ Physiol) 1993;264: H1438-46.
Billman GE. Effects of aminophyllinc an behaviorally induced coronary
blood flow increases. Am J Physio} 1987,253;H548-55.

. Gewinz H, Olsson RA, Brautigan DL, Brown PR, Mosi AS. Adenosine’s

role in regulating basat coronary arteriolar tone. Am § Physiol (Heart Circ
Physiol) 1992.250:H1030-6.

Kroll K, Feigl EO. Ad in i ronary
blood flow in unstressed dog hzans Am J Physiol (Heart Circ Physlol)
1985,249:H1176-87.

Downing SE, Chen V. Dissociation of adenosine from melabolic regula-
tion of coronary flow in the lamb. Am J Physiol 1986;251:H40-6.
Bache RJ. Dai XZ, Schwartz IS, Homans DC. Role of adenosine in
coronary vasodifation during cxercise. Circ Res 1988;62:846-53.

Dole WP, Yamada N, Bishop VS, Olsson RA. Role of adenosine in
coronary blood flow regulation after reductions in perfusion pressure.
Circ Res 1985:56:517-24.

. Wilson RF, Laughlin DE. Ackell PH, et al. Transfuminal, subselective

measurement of coronary arery blood flow velocity and vasodilator
reserve in man. Circulation 1985,72:82-92,

Taddei S, Pedrinelli R, Salvetti A, Theophylline is an antagonist of
adenosine in human forearm arterioles. Am J Hypertens 1991:4:256-9,
Smits P, Boekema P, De Abrea R, Thien T, van't Laar A. Evidence for an
antagorism between caffeine and adenosine in the human cardiovascular
system. J Cardiovasc Pharmacol 1987:10:136-43.

Biaggioni |. Paul S. Puckett A, Arzubiaga C. Caffeine and theaphylline as
adenosine recepter antagonists in humans. J Pharmacol Exp Ther 1991;
258:588-93.

Edlund A, Sollevi A, Wennmalm A. The role of adenosine and proslacy-
clin in c(;mr\ary flow regulation in healthy man. Acta Physiol Scand
1989;135:39-46.

. Daley PJ Mahn TH, Zielonka IS, Kmbsack AJ AkhlarR Bamrah VS
on 201

Effect of oral
myocardiol imaging vsing SPECT and dlpyndamolc-mduccd hcmody-
namic changes. Am Hearl J 1988:115:1185-92,

2. Berne RM. Cardiac nucleotides in hypoxia: possible role in regulation of

coronary blood flow. Am J Physiol 1963:204:317-22.

.

~
]

[
b=

JACC Vol. 23. No. &
May 1994:1421-6

McKenzie JE, McCoy FP, Bockman EL. Myccardial adenosine and
coronary resistance during increased cardiac performance. Am J Physiol
(Heart Cire Physiol) 1980;238:H509-15.

McKenzie JE. Steffen RP, Haddy FJ. Relationships belween adenosine
and coranary resistance in conscious exercising dogs. Am I Physiol
(Heart Circ Physiol) 1982:242:H24-9.

Hori M, Kitakaze M. Adenosine, the heart, and coromary circulation.
Hypertension 1991;18:565-74.

. Saito D, Steinhart CR, Nixon DG, Olsson RA. Entracaronary adenosine

deaminase reduces canine inyocardial reactive hyperemia. Circ Res
1981:49:1262-7.

Bittar N, Pauly TJ. Myecardial reactive hyperemia responses in the dog
after aminophylline and lidoflazine. Am J Physiol 1571:220:812-5.

Jones CE, Hurst TW, Randall JR. Effect of aminophylline an coronary
functional hyperemia and myocardial adenosine. Am J Physiol (Hean
Circ Physiol) 1982:243:H480-7,

Komaru T, Lamping KG, Eastham CL, Dellsperger KC. Adenosine is not
involved in y coronary dilation in viva [ab-
stract). Circulation 1991 ;84 Suppl 11:11-97.

Crea F, Pupita G, Galassi AR, et al. Effect of theophylline on exercise-
induced myocardial ischacmia. Lancel 1989;1:683-6,

Picano E, Pogliani M, Lattanzi F, Distante A, L'Abbale A. Exercise
capacity after acute amirophyHine administration in aigina pectoris. Am
¥ Cardiol 1989:63:14-6.

. Emdin M, Picano €, Lattanzi F, L'Abbale A. Improved exercise capacity

wilh acute aminophylline administration in patients with syndrome X,
J Am Coll Cardiol 1989:14:1450-3.

Sylven C, Beermann B, Jonzon B, Brandt R, Angina pecloris-like pain
provoked by i ine in healthy Br Med )
1986,293:227-30.

. Crea F, Pupita G, Galassi AR, et al. Role of adenosine in pathogenesis of

anginal pain. Circulation 1990:81:164-72.
Sxmonelhl Rossen ID, Winniford MD. Marcus ML, Biphasic effect of
in normal subjects. Z Kawdiol

n COl
1989:78 Suppl 28525,

. Heller LJ, Dole WP, Mohrman DE. Adenosine receptor blockade en-

aof adenosine in the conscious dog. Circ Res 1979;45:468-78.

hances it induced increases in cardiac interstitial adenosine.
J Mot Celi Cardiol 1991;23:887-98.





