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Abstract. This study was undertaken in an attempt to further understand the relationship 
between adenosine and H+ ion. Using LangendorfF hearts from male rabbits, the perfusion fluid 
pH was lowered from 7.4 to 7.1 and 6.8 with C02.  A 31 and 86% increase in coronary flow 
with a simultaneous increase in the release of adenosine by 61 and 128% was observed at pH 
7.1 and 6.8, respectively. A direct relationship between adenosine release and coronary flow with 
a correlation coefficient of 0.99 was found at pH values of 7.4, 7.1, and 6.8. The degradation 
products of adenosine namely inosine and hypoxanthine were unchanged at 7.1 and 6.8 from 
7.4. These data support a role for adenosine in the regulation of coronary flow and suggest a 
relationship between adenosine and H+ ion. 

Adenosine, a vasoactive metabolite plays 
an important role in the physiological regu- 
lation of coronary blood flow (1). Several in- 
vestigators (2-4) support the view that cations 
such as hydrogen ion and potassium ion may 
influence the adenosine-induced increases in 
coronary flow. Additionally, adenosine an- 
tagonists (theophylline and aminophylline) 
have been reported (5-1 1) to partially atten- 
uate the reactive hyperemia which occurs sub- 
sequent to the release of coronary inflow oc- 
clusion. However, similar concentrations of 
these adenosine antagonists have been re- 
ported ( 5 )  to abolish the increase in flow re- 
sponses to exogenous adenosine. Further, a 
decrease in pH ( 12, 13) along with the release 
of adenosine (9-1 1, 14) have been observed 
during myocardial ischemia. These investi- 
gations suggest that the response to adenosine 
may be modified by other factors during isch- 
emic insult and perhaps this is the reason why 
the concentration of adenosine antagonists 
which effectively inhibit the response to ex- 
ogenous adenosine are unable to block reactive 
hyperemia completely. 

Recently, we have reported (15) that the 
lowering of perfusion fluid pH from 7.4 to 6.8 
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can significantly inhibit the uptake of aden- 
osine. Thus, this investigation was an attempt 
to test the hypothesis that lowering of the per- 
fusion pH can inhibit the myocardial uptake 
of adenosine leading to an increased release 
of adenosine in the perfusate. Therefore, we 
measured the release of adenosine by altering 
the pH of the perfusion solution from 7.4 to 
7.1 and 6.8 with a simultaneous measurement 
of coronary flow from rabbit heart using the 
Langendorff preparation. 

Methods. Hearts from rabbits, 1- 1.5 kg, of 
local strain were quickly excised and perfused 
through the cannulation of the aorta using a 
Krebs-Ringer bicarbonate buffer containing 
(in W): glucose, 5.5; pyruvate, 2.0; NaC1, 
127.5; KCl, 4.7; CaC12, 2.5; KH2PO4, 1.2; and 
NaHC03, 24.9. The perfusion fluid was 
maintained at 37°C and equilibrated with 95% 
O2 + 5% C 0 2  (pH 7.4). The perfusion pressure 
was maintained at a height of 65 cm of H20 
throughout the experiment. Changes in the 
pH of the perfusion solution were maintained 
by changing the proportions of O2 and C 0 2  
to give the desired pH. The concentration of 
C02 required (< 10%) to change the pH to 7.1 
and 6.8 was not enough to induce hypoxia 
and therefore change the coronary flow and 
adenosine release. 

The aortic inflow rate, which equals to the 
total coronary flow was monitored with an 
electromagnetic flow meter (Biotronex model 
BL-6 lo), the flow probe was interposed in the 
perfusion line several centimeters above the 
heart. The flow transducer was connected to 
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a polygraph (Beckman model R411) for a 
continuous recording of the total mean cor- 
onary flow. The apex of the heart was con- 
nected by means of a thread to a force dis- 
placement transducer (Grass FT .03) and con- 
nected to a physiograph for continuous 
recording of the rate and force of contraction. 

An initial 30-min period was allowed for 
the stabilization of the heart before actual ex- 
perimentation. The control response for flow, 
heart rate, and contractions were recorded. A 
period of 10 min was allowed after each change 
in the pH of the perfusion fluid to achieve 
maximal effect before collecting the subse- 
quent 10-min samples of the perfhate from 
the heart. Changes in coronary flow, heart rate, 
and force of contraction were recorded. The 
preparation was checked for its autoregulatory 
response. A 30-sec occlusion of inflow resulted 
in more than twofold increase in coronary 
flow at the release of occlusion. The samples 
were analyzed for adenosine, inosine, and hy- 
poxanthine according to the method described 
by Watkinson et al. (16) using enzymatic 
analysis and recording the absorbance changes 
on dual-wave length, double-beam spectro- 
photometer (Aminco model DW-2). Student’s 
t test was used for the level of significance and 
the results are expressed as the mean k SE. 

Results and Discussion. The results show 
an increased release of adenosine when the 
hydrogen ion concentration is raised in per- 
fusion medium. Figure 1 shows the release of 
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FIG. 1. Release of adenosine, ionsine, and hypoxanthine 
in the perfusates of isolated rabbit hearts at pH values of 
7.4, 7.1, and 6.8. The values are represented as means 
* SE from 10-17 different experiments. 

adenosine, inosine, and hypoxanthine at pH 
values of 7.4, 7.1, and 6.8. The amount of 
adenosine released into the perfusate increased 
from a control value of 1.68 k 0.17 nmole/g 
wet weight/lO min of collected sample at a 
pH of 7.4 to 2.7 k 0.29 nmole/g wet weight/ 
10 min at pH 7.1, a 60% rise. This value was 
raised to 128% (3.83 k 0.36 nmole/g wet 
weight/lO min) from its control value by 
changing the pH to 6.8 using C 0 2 .  On the 
other hand the concentrations of inosine and 
hypoxanthine in the coronary perfusates were 
unchanged. Further, the sum of adenosine, 
inosine, and hypoxanthine was unchanged at 
pH 7.1 but slightly higher (insignificant) at pH 
6.8 from pH 7.4. It has been reported (1) that 
the dephosphorylation of adenosine-5’-mono- 
phosphate is the major pathway for the pro- 
duction of adenosine, therefore, the expected 
changes will take place in the intracellular ad- 
enine nucleotide pool if the activities of nu- 
cleoside phosphorylase and xanthine oxidase 
are unaltered at various pH values and not in 
the sum of perfusate adenosine, inosine, and 
hypoxanthine. Our data support this view. The 
values reported here for adenosine and its 
degradative products are similar to those re- 
ported by Fredholm et al. (1 7) using isolated 
rabbit hearts. The concentration of adenosine 
at pH 6.8 was significantly higher than the 
concentration at pH 7.1 and 7.4. 

Figure 2 shows the relationship between 
adenosine release, coronary flow, and pH 
changes. Using adenosine release (nmole/g wet 
heart weight/ 10 min sample) or coronary flow 
(ml/min/g wet heart weight) as y axis, and pH 
changes as x axis, a positive correlation (Y 

= 0.99) was found at pH values of 7.4, 7.1, 
and 6.8. Also, a positive correlation ( r  = 0.99) 
was found between adenosine release (x axis) 
and coronary flow ( y  axis) at all the pH values 
(not shown). This is similar to the observation 
of several investigators (1, 16, 18, 19) where 
a direct relationship between adenosine re- 
lease, coronary flow, and oxygen consumption 
has been reported. In our experiments, the 
heart rate was not altered during the pH 
changes. The force of myocardial contraction 
was not affected by lowering the pH to 7.1 
but was significantly lower at pH 6.8. It has 
been reported (20, 21) that changes in myo- 
cardial contraction can affect the coronary 
blood flow. However, in our studies the degree 
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FIG. 2. Correlation between the release of adenosine 
or coronary flow from the rabbit hearts at pH values of 
7.4, 7.1, and 6.8. The values are represented as means 
k SE from 10-17 experiments. A correlation coefficient 
of 0.99 was found for adenosine release or coronary flow 
at different pH values. 

of correlation between adenosine and coronary 
flow is 98% at all the pH values. It is unlikely 
that the changes in contractility caused the 
increase in coronary flow and adenosine re- 
lease at pH 6.8. In fact, the decrease in myo- 
cardial contractility at pH 6.8 would be ex- 
pected to lower the metabolic activity and 
therefore, decrease the release of adenosine. 
Further, the fact that the parallel increase in 
coronary flow and adenosine release at pH 7.1 
was not accompanied by a change in con- 
tractility rules out its involvement in the ob- 
served increases in coronary flow, 

Several investigators (2,22-24) have studied 
the effect of H+ ion concentration on the vas- 
cular response to adenosine but this is the first 
report where the actual release of adenosine 
has been measured at varying pH values. De- 
genring (23) using isolated guinea pig hearts 
studied the effect of acidosis and alkalosis in 
normoxic and hypoxic hearts with a simul- 
taneous measurement of myocardial adenine 
nucleotides and nucleosides and coronary 
flow. He reported (23) a significant increase 
in coronary flow and myocardial adenosine 
both in normoxic and hypoxic hearts under 
acidosis (pH 7.0), whereas the reverse was true 
for alkalosis (pH 7.8). The pH in this case 
(23) was adjusted by using HCl or NaOH. Our 
data are in agreement with the studies of De- 
genring (23). However, on a quantitative basis, 

our data show an increase in coronary flow 
of 31% and an adenosine release of 61% at 
pH 7.1, whereas Degenring (23) found only 
an increase of 13% in coronary flow and an 
increase of 25% in tissue adenosine under 
normoxic conditions at pH 7.0. This is pos- 
sibly due to the fact that the acidosis in our 
study was induced by increasing the C02 and 
in the study by Degenring (23) HCl was used 
to induce acidosis. It is likely that COz has 
dual effects, indirectly by increasing the H+ 
ion concentration and directly on the coronary 
vessels (25). However, it is quite possible that 
C02  has a better diffusibility due to the higher 
lipid solubility. In fact, this laboratory has re- 
ported (24) earlier that bovine large and small 
coronary vessels relaxed more when the pH 
of the media was adjusted by C02  rather than 
by adjusting the bicarbonate. In some of the 
experiments, where the acidosis was induced 
by HCl, the increase in coronary flow was less 
dramatic than with C 0 2  (data not reported). 

Degenring (23) in his studies measured the 
myocardial levels of adenosine during various 
experimental conditions. In the light of new 
information (26), more than 90% of adenosine 
in the tissue is intracellular and therefore, may 
not reflect the interstitial concentration of 
adenosine available at the resistance vessel site. 
In the present study, the amount of adenosine 
measured in perfusates is an appropriate re- 
flection of interstitial concentration of aden- 
osine available for vasodilation. There is a lin- 
ear correlation between the amount of aden- 
osine released into the perfusates and coronary 
flow at pH 7.4, 7.1, and 6.8. Our data, there- 
fore, support a role for adenosine under vary- 
ing H+ ion concentrations. Similar results have 
recently been reported by Downing et al. (27), 
who showed an increased response in hyper- 
capnic acidosis to exogenous adenosine both 
in normal and diabetic lambs and attributed 
these responses to changes in H+ ion concen- 
tration. 

This study supports our earlier observations 
(1 5) where we found an inhibition in the up- 
take of adenosine in cultured heart cells by 
increasing the H+ ion concentration. In the 
earlier report ( 19, the pH changes were carried 
out using an acid or base. In this investigation 
the pH changes were carried out by altering 
the perfusate C02. This change in H+ ion con- 
centration would result in the inhibition in 
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the uptake of adenosine (endogenous), thereby 
increasing its concentration in the extracellular 
fluid as reflected in perfusate adenosine con- 
centrations and thus an increase in coronary 
flow. It is clear from these studies that increase 
in H+ ion concentration whether induced by 
CO2 or an acid (HC1) can inhibit the uptake 
of adenosine into the cardiac cells and thereby 
increase its extracellular concentration to 
which the resistance vessels are exposed. 
However, other possibilities such as the effect 
of increased C02 on the metabolism of aden- 
osine in the heart, increased binding of aden- 
osine to its receptor (28) or an interaction 
between H+ ion and Ca2+ at the level of vas- 
cular smooth muscle cannot be ruled out from 
these studies. 

In conclusion, the present study demon- 
strates that the lowering of the perfusate pH 
from 7.4 to 7.1 and 6.8 results in an increase 
in coronary flow with a simultaneous increase 
in the release of adenosine from the heart. 
These data provide an explanation as to why 
theophylline and aminophylline are unable to 
antagonize the reactive hyperemic response. 
This is due to the fact that in reactive hyper- 
emia the added influence of acidosis leads to 
levels of adenosine higher than the blocking 
capacity of antagonist. However, adenosine 
antagonists at similar concentrations can in- 
hibit the response to exogenous adenosine due 
to the absence of acidosis (5-8). The data fur- 
ther support a role for adenosine in the reg- 
ulation of coronary flow and suggest a rela- 
tionship between adenosine and H+ ion. The 
exact nature of this relationship is not known 
and needs further investigation. 
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