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Summary. In an attempt to test the hypothesis whether 
adenosine is involved in the regulation of coronary 
flow, adenosine, inosine and hypoxanthine were 
measured in the effluent perfusate and in the tissue of 
isolated guinea pig hearts under various experimental 
conditions. In addition, the release of 14C-adenosine, 
14C-inosine and 14C-hypoxanthine was determined 
after prelabeling cardiac adenine nucleotides with 
14C-adenine. 

The decrease in coronary resistance induced by 
hypoxic perfusion (30 ~ and 20 ~ in the gas phase) and 
during autoregulation was associated with a consider- 
able increase in the release of adenosine, inosine and 
hypoxanthine. Under both conditions the concentra- 
tions of adenosine in the effluent perfusate were clearly 
within the coronary vasodilating range of exogenously 
administered adenosine. The tissue content of adeno- 
sine also increased significantly when the perfusion 
pressure was reduced. The release of 14C-adenosine 
closely paralleled the changes in coronary resistance 
during hypoxic perfusion, autoregulation and during 
reactive hyperemia. The specific activity of adenosine 
in the effluent perfusate, however, decreased substan- 
tially upon reduction of the oxygen supply to the heart, 
indicating that the release of ~4C-adenosine does not 
provide an absolute measure of total adenosine re- 
lease by the heart. 

Our data indicate that the greater part of the 
adaptive changes of vascular resistance during hy- 
poxia and autoregulation can be attributed to ade- 
nosine which is formed at an enhanced rate under these 

* A preliminary report of these studies was given at the VI. An- 
nual Meeting of the "International Study Group for Research in 
Cardiac Metabolism", Freiburg i. Br., September 1973 and appeared 
in "Recent advances in studies on cardiac structure and metabo- 
lism", Vol. 7, Editors: P. Harris, R. J. Bing, and A. Fleckenstein, 
pp. 171-175. Urban & Schwarzenberg 1976 
** Present address: Uniformed Services University of the Health 
Sciences, 6917 Arlington Road, Bethesda, Maryland, 20014 U.S.A. 

conditions. However, other factors might be involved 
as well. 
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INTRODUCTION 

Among the various factors which are considered to 
participate in the metabolic regulation of coronary 
flow [7, 8], adenosine has been postulated to play an 
important role in the adjustment of coronary flow to 
the oxygen requirement of the myocardium [1,4]. The 
adenosine hypothesis is supported by recent findings 
which indicate that adenosine is released even by the 
well-oxygenated heart [14,16,18] and that its forma- 
tion is enhanced in association with the vascular dila- 
tion following anoxia [10], hypoxia [1,2,4,17] and 
transient myocardial ischemia [12,15]. The possibility 
that adenosine could also be involved in the changes of 
coronary resistance during flow autoregulation has 
not been investigated to our knowledge, although 
several explanations concerning the mechanism of 
autoregulation have been proposed [16,9,11]. 

Spectrophotometric analysis of adenosine in the 
coronary effluent usually requires collection and 
analysis of rather large volumes of coronary venous 
blood or perfusate [14,15,18]. On the other hand, 
relatively small samples of coronary effluent are re- 
quired in order to determine radioactively labeled 
adenosine which is released after prelabeling myo- 
cardial adenine nucleotides with labeled adenine and 
adenosine [18]. Making use of both procedures, re- 
lease rates of adenosine and of 14C-adenosine into the 
cardiac perfusate were determined during hypoxia, 
autoregulation and reactive hyperemia. The observed 
changes in the perfusate concentrations of adenosine 
were related to the alterations in coronary resistance. 
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Furthermore it was investigated whether determina- 
tion of ~4C-adenosine yields a suitable and more sen- 
sitive measure for the total amount of adenosine re- 
leased from the heart. 

METHODS 

Isolated guinea pig hearts were perfused according to the Langen- 
dorff technique with a modified Krebs-Henseleit solution as de- 
scribed in previous communications [3,18]. Coronary flow was 
continuously monitored in each experiment with an electro- 
magnetic flowmeter (Statham, M-4001); the flow probe (IVM, type 
K-2B) was incorporated into the aortic cannula. Each heart was 
allowed to equilibrate for 30 rain; during this period coronary flow 
attained stable values of approximately 5 ml/min/g. Hearts which 
appeared to be in a steady state of cardiac performance- as judged 
by the heart rate and coronary f low-were then perfused with a 
medium containing (SJ4C)-adenine (62 mCi/mmole) at a concentra- 
tion of 0.42 p~M. Following a labeling period of 35 rain, perfusion 
was continued with an adenine free medium and cardiac perfusate 
was collected before and after imposing various perturbations on the 
heart. If not otherwise indicated, perfusate was collected for 5 min, 
and only when coronary flow was stable. 

The oxygen content in the coronary inflow (aortic cannula) and 
outflow (pulmonary artery) was measured with a Lex Oz-Con 
(Lexington Instrument Corp.) and myocardial oxygen consumption 
was calculated from flow and AV Oz-difference. 

The analytical procedures and the materials used have already 
been described in detail [18]. In brief, for radioactivity measure- 
ments, nucleosides and purine bases released into the cardiac per- 
fusate were adsorbed onto activated charcoal after carrier amounts 
(0.05 Ixmoles) of adenosine, inosine and hypoxanthine had been 
added. After elution from the charcoal with a mixture of pyridine 
and ethanol, the purine compounds were separated by thin layer 
chromatography (Sil-G/UVzs~). The UV-absorbing bands repres- 
enting adenosine, inosine and hypoxanthine were then scraped off 
the plates and assayed for radioactivity. Measurements of the re- 
lease of radioactively labeled purines from the hearts were expressed 
as cpm/min/g tissue and will be referred to as "radiometric analysis". 

The relative specific activity values of adenosine , inosine and 
hypoxanthine in the coronary perfusate were calculated by relating 
the specific activities of each purine to the specific activity of the 
precursor adenine in the perfusion medium [18]. 

In separate experiments absolute concentrations of adenosine, 
inosine and hypoxanthine in the heart and the amounts of these 
compounds released into the coronary effluent were determined 
spectrophotometrically [18]. Values for adenosine and its degrada- 
tive products in the perfusate are expressed either as release rate 
(nmoles/min/g) or concentration (nmoles/1). Reported data are not 
corrected for losses (about 20 %) incurred during the different steps 
of analysis. 

RESULTS 

Sensitivity of the Coronary Arteries to Adenosine. 
Figure 1 shows the dose-response relationship for 
adenosine as determined in the isolated non-working 
guinea pig heart. Dilation of the coronaries started at 
an adenosine concentration of about 5 x 10 -9  M and 
reached a maximum at a concentration of 
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Fig. 1. Dose response relation for changes of coronary flow or 
coronary resistance caused by adenosine. Perfusion pressure was 
maintained at 60 cm HzO when changes in flow were monitored. 
Coronary flow was kept constant, when perfusion pressure was 
monitored. During perfusion with constant volume, the initial flow 
was adjusted to yield a perfusion pressure of 60 cm HzO. Resistance 
was then calculated 

2 -  5 x 10 .6 M. The hearts exhibited the same respon- 
siveness to adenosine when perfusion was carried out 
at constant pressure or at constant flow. 

Hypoxia. The influence of arterial hypoxia on coro- 
nary flow and release of adenosine, inosine and hypo- 
xanthine was studied by lowering the oxygen content 
in the perfusion medium (equilibration with 30 ~o and 
20 % in the gas phase). As shown in Table 1, hypoxia 
was associated with a substantial increase in the re- 
lease of adenosine and its degradatives. The perfusate 
concentration of adenosine, inosine and hypoxan- 
thine also increased considerably. 

The release of 14C-adenosine and its labeled de- 
gradatives was also augmented by hypoxia, after 
cardiac adenine nucleotides had been prelabeled 
with 14C-adenine (Fig.2). The hypoxia induced in- 
crease in the release of labeled purines was accom- 
panied by a progressive rise in coronary flow. A reduc- 
tion in the oxygen content to 20 % led to a 3.5-fold in- 
crease in the liberation of 14C-adenosine. In contrast, 
adenosine measured spectrophotometrically (Table 1) 
increased 33-fold. Consequently, the specific activity 
of adenosine in the perfusate continuously decreased 
when the oxygen supply to the heart was reduced 
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Table 1. Effects of hypoxic perfusion and alterations in perfusion pressure on release rates (nmoles/min/g) and perfusate concentrations 
(nmoles/1) of adenosine, inosine and hypoxanthine. Perfusion pressure was maintained at 60 cm HzO during variations of oxygen content. 
Perfusate was equilibrated with 95 % 0 2 - 5  % CO2 during variations in perfusion pressure. Mean values • S.E.M. (n = 5) 

Adenosine Inosine Hypoxanthine 

(nmoles/min/g) (nmoles/1) (nmoles/min/g) (nmoles/1) (nmoles/min/g) (nmoles/1) 

02 in gas phase 95% 0.048 • 0.002 4.0 • 0.3 0.37 • 0.1 59 • 5.7 0.057 • 0.02 9.5 • 5.0 
30% 0.474 • 0.011 33.8 • 5.9 3.65 • 1.6 258 • 98.0 0.220 • 0.06 15.3 • 2.9 
20% 1.595 • 0.170 88.3 • 7.3 6.00 • 1.4 333 • 72.0 0.490 _+ 0.16 27.3 • 8.3 

Perfusion pressure 80 0.056 4:_ 0.008 3.9 • 0.8 0.33 • 0.1 45 • 6.7 0.049 • 0.02 6.5 • 1.6 
(cm H20) 60 0.048 + 0.002 4.0 • 0.3 0.37 • 0.1 59 • 5.8 0.057 _+ 0.02 9.5 • 5.0 

40 0.076 • 0.010 15.0 • 0.9 0.33 • 0.04 65 • 6.1 0.032 • 0.01 6.4 • 1.9 
20 0.256 • 0.038 78.3 • 0.9 1.43 • 0.3 446 • 95.0 0.200 • 0.05 61.0 • 13.3 

Table 2. Effects of alterations in perfusion pressure and oxygen content of the perfusion medium on the relative specific activities (RSA 
x 10 3) of adenosine, inosine and hypoxanthine in the coronary perfusate. (For calculation see Methods). Mean values _+ S.D.; n = 3 

20 cm H20 40 cm H20 60 cm H20 60 cm H20 60 r H20 
o O 95 % O2 95 % 02 95 % 2 30 ~o 02 20 % 02 

Adenosine 17.6 • 2.6 45.1 _+ 4.2 54.6 __ 3.1 11.9 + 2.1 6.1 • 0.5 

Inosine 6.6 • 1.4 4.7 • 0.5 3.3 __ 0.3 3.1 • 0.8 2.6 __ 1.2 

Hypoxanthine 4.6 + 0.9 3.7 • 0.8 4.1 • 1.2 3.6 • 0.3 2.5 • 0.9 
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Fig.2. Changes in coronary flow and rate of release of l~C-ade- 
nosine, 14C-inosine and 14C-hypoxanthine during normoxia and 
graded hypoxia. Oxygen content of the perfusate was altered by 
equilibrating the perfusate with a gas mixture containing 95, 30 or 
20% 02, 570 CO2, balance being N2. Vertical bars represent 
• S.E.M. 

(Table 2). On the other hand, the specific activity of 
inosine and hypoxanthine remained almost unchanged 
in this situation. 

Autoregulation. The isolated guinea pig heart main- 
tained a rather constant coronary flow upon reduction 
of perfusion pressure particularly in the range of 60 
to 20 cm H20 (Fig. 3). This was the result of active 
coronary vasodilation. Upon decreasing the perfusion 
pressure the oxygen supply to the hearts became 
reduced and this condition was associated with a fall 
in myocardial oxygen consumption (Fig. 3). 

As shown in Table 1, a decrease in perfusion pres- 
sure from 60 to 20 cm HzO resulted in a progressive 
increase in the rate of adenosine release and in the per- 
fusate concentration of adenosine. Rates of release 
of inosine and hypoxanthine as well as their concen- 
trations also increased during this experimental con- 
dition. Elevation of the perfusion pressure from 60 to 
80 cm HzO, did not cause a significant change in the 
liberation of the different purine compounds. Measure- 
ments of the myocardial tissue levels of adenosine, 
inosine and hypoxantMne revealed that a reduction 
in perfusion pressure to 20 cm H20 was associated 
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Upper panel: Pressure flow relationship in isolated perfused 
guinea pig hearts. Pressure changes were initiated f rom a control 
perfusion pressure of  60 cm H20.  Open circles represent flow 
changes immediately following abrupt pressure changes. Closed 
circles represent stable flow values reached 1 to 3 rain after pres- 
sure changes. Final resistance 4- S.E.M. (n = 10) was calculated 
f rom stable flow values at each pressure level. Lower Panel: Myo- 
cardial oxygen consumption at different perfusion pressures (n = 8; 
_+ S.EM,) 

Table 3. Content of adenosine, inosine and hypoxanthine in iso- 
lated hearts at two different perfusion pressures. Mean  values 
4- S.E.M. 

Perfusion Adenosine Inosine Hypoxanthine 
pressure (nmoles/g) (nmoles/g) (nmoles/g) 
(cm H20 ) 

60 2.13 4- 0,14 0.98 4- 0.07 1.26 4- 0.13 
(n = 30) (n = 28) (n = 27) 

20 3.12 4- 0,25 5.89 + 1.31 3.47 4- 0.93 
(n = 5) (n = 5) (n = 5) 

with a significant increase in the tissue content of 
adenosine and its degradatives (Table 3). 

Upon reduction of perfusion pressure the release 
of 14C-adenosine, 14C-inosine and ~4C-hypoxanthine 
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Fig.4. Release of  14C-adenosine, t4C-inosine and t~C-hypoxan- 
thine from the myocard ium as a function of perfusion pressure. In 
individual experiments perfusion pressure was either successively 
raised f rom 20 to 60 cm H20  (n = 2) or lowered from 80 to 20 cm 
H20  (n = 3) or changed abruptly from 60 to 20 cm H20  (n = 5). 
At  each perfusion pressure, effluent was collected (5 min) for ana- 
lysis after flow became stable. Vertical bars represent 4- S.E.M. 

into the cardiac perfusate was also enhanced (Fig. 4). 
It should be noted, however, that 14C-inosine increased 
more steeply than 14C-adenosine and a4C-hypoxan- 
thine when the perfusion pressure was reduced below 
40 cm H20. As in experiments with hypoxic perfusion, 
the specific activity of adenosine in the perfusate de- 
creased when the perfusion pressure was reduced 
(Table 2). In contrast, the specific activity of inosine 
appeared to increase slightly, whereas the values for 
hypoxanthine remained unchanged. 

Reactive Hyperemia. Spectrophotometric measure- 
ments of adenosine and its degradatives in the perfusate 
collected during reactive hyperemia following short 
periods of coronary occlusion were not possible, be- 
cause the amounts of adenosine released were below 
detection limits of the method. Therefore, only the 
release of 14C-adenosine, 14C-inosine and 14C-hypo- 
xanthine into the coronary perfusate could be deter- 
mined. It is evident from Figure 5 that the flow re- 
sponses were paralleled by increased release rates of 
14C-adenosine, as well as of agc-inosine and of t4C- 
hypoxanthine. It is also apparent that in all cases pre- 
occlusion values for the release of labeled purine com- 
pounds were reached when coronary flow returned 
to control values. 
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Fig. 5 
Release of labeled 14C-adenosine, 14C-inosine 
and 14C-hypoxanthine into the coronary effluent 
during reactive hyperemia (RH) following 
coronary occlusion for 15, 30 and 60 s. Purine 
compounds were analyzed in the effluent during 
the period of reactive hyperemia as well as 
during the control period (C) before and after 
each flow response, as indicated by the arrows 
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DISCUSSION 

The intrinsic ability of the heart to regulate coronary 
flow appears to be closely related to the supply and 
demand of the tissue for oxygen [5]. Any condition 
which leads to an imbalance between myocardial 
oxygen supply and demand is postulated to alter the 
formation and release of adenosine which in turn 
causes an adjustment of coronary flow [1,15]. The 
experimental conditions chosen in the present study 
to reduce oxygen supply to the heart (hypoxia, low 
perfusion pressure) were found to be associated with 
an enhanced release of adenosine into the coronary 
perfusate. In addition, occlusion of coronary inflow 
for short periods was followed by an augmented re- 
lease of 14C-adenosine from prelabeled hearts during 
the period of reactive hyperemia. 

A quantitative evaluation of the role of adenosine 
in coronary flow regulation would require measure- 
ments of the adenosine concentration in the vicinity 
of the coronary resistance vessels. At present, however, 
only determinations of tissue content, coronary and 
pericardial perfusate concentrations of adenosine are 
feasible. Concerning measurements of the myocardial 
content of adenosine, we have recently suggested that 
not all the adenosine can be present within the extra- 
cellular space [18]. Therefore, extrapolation from 
tissue levels to the adenosine concentration in the 

extracellular space tends to overestimate the amount 
of this nucleoside to which the coronaries are exposed 
[18,19]. On the other hand, measurements of the 
adenosine concentration in the coronary effluent 
perfusate underestimate the quantity of adenosine 
present at the site of the smooth muscle cell, for the 
following reasons: i) Adenosine is constantly washed 
out into the vascular space and thus becomes diluted. 
ii) A fraction of adenosine is taken up again by the 
myocardium and another fraction is deaminated to 
inosine [20]. It thus appears that these factors may limit 
conclusions concerning the validity of the adenosine 
hypothesis when quantitative considerations are based 
on measurements of tissue content or perfusate con- 
centrations of adenosine. 

Regardless of these limitations our data show 
that during autoregulation and hypoxic perfusion the 
perfusate concentrations of adenosine increase con- 
siderably and are well within the dilatory range of 
exogenously applied adenosine. Even in normoxic 
hearts, the perfusate concentration of adenosine 
(4 x 10 .9 M) is approximately the same as the thresh- 
old concentration for coronary vasodilation. In addi- 
tion, the tissue content of adenosine increases during 
autoregulation and an increase in myocardial adeno- 
sine content has been observed by others during hy- 
poxic perfusion [17]. Thus, these findings support the 
hypothesis that adenosine can be involved in the 
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ad jus tmen t  of  c o r o n a r y  flow dur ing  h y p o x i a  as well 
as dur ing  au to regu la t ion .  However ,  o ther  fac tors  m a y  
also p l ay  a role [7, 8]. Cons i s t an t  wi th  this  idea  is our  
observa t ion ,  tha t  an  increase  in per fus ion  pressure  
f rom 60 to 80 cm H 2 0  was assoc ia ted  with an  au to -  
r egu la to ry  response,  a l t hough  there  were no signif- 
icant  changes  in the adenos ine  concen t r a t i on  o f  the 
perfusate .  

Release  o f  14C-adenosine and  its l abe led  deg rada -  
tives was also f o u n d  to be augmen ted  dur ing  hypoxia ,  
au to r egu l a t i on  and  react ive hyperemia .  The  changes  
observed  dur ing  the la t te r  cond i t i on  were de tec ted  in 
per fusa te  samples  col lected for  as l i t t le as 30 s, and  
p roved  to be p r o p o r t i o n a l  to the  t ime o f  c o r o n a r y  
occlusion.  M e a s u r e m e n t s  o f  the specific act ivi ty  o f  
adenos ine  in the perfusate ,  however ,  revea led  tha t  
dur ing  h y p o x i a  and  au to regu ta t ion  the specific activ- 
i ty o f  adenos ine  decreases  cons iderab ly .  Thus,  despi te  
its sensi t ivi ty and  s implici ty ,  r ad iome t r i c  analysis  o f  
adenos ine  canno t  p rov ide  a quan t i t a t ive  es t imate  o f  
the a m o u n t  o f  adenos ine  re leased by  the heart .  The  
pre labe l ing  techn ique  with  14C-adenine, however ,  m a y  
be va luable  when a t t emp t ing  to  measu re  changes  in 
the release o f  adenos ine  dur ing  r ap id  and  t rans ient  
adap t ive  vascu la r  ad jus tments .  

W e  prev ious ly  suggested [18] tha t  adenos ine  re- 
leased into  the per fusa te  is mos t  p r o b a b l y  der ived  
f rom at  least  two adenine  nuc leo t ide  f rac t ions  o f  the 
hear t .  O u r  present  f indings are  in accord  with this 
view: D u r i n g  au to regu la t i on  and  hypoxia ,  the specific 
act ivi ty  o f  adenos ine  in the  per fusa te  decreased  con-  
s iderably ,  ind ica t ing  tha t  a ca rd iac  adenine  nuc leo t ide  
f rac t ion  o f  low specific ac t iv i ty  con t r ibu tes  to  the  
f o r m a t i o n  o f  adenos ine  unde r  these condi t ions .  
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