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Effect of adenosine on the formation of prostacyclin in

the rabbit isolated heart
Ewa Karwatowska-Prokopczuk, 'Giovanni Ciabattoni & 2Ake Wennmalm

Department of Clinical Physiology, Gothenburg University, Sahlgrenska Hospital, S-413 45 Goteborg,
Sweden, and Department of Pharmacology, Catholic University, Largo Francesco Vito 1, 00168 Rome, Italy

1 The effect of adenosine on cardiac biosynthesis of prostacyclin (PGI2) was investigated. Rabbit
hearts were perfused according to Langendorff at controlled pressure (with or without theophylline),
or at controlled flow. The content of 6-keto-prostaglandin,. (6-keto-PGF,., metabolite of PGI2) in
the coronary effluent under basal conditions and during infusion of adenosine was determined using
a highly specific radioimmunoassay.
2 In other experiments, rings of rabbit aorta were incubated with or without adenosine and the
production of 6-keto-PGF,, was analysed as above.
3 Administration of adenosine (1OpM) to hearts perfused at controlled pressure increased the coro-
nary flow by up to 38%. The peak concentration of 6-keto-PGFI, in the effluent exceeded the
control by 177% (P < 0.01), and the total efflux of 6-keto-PGF,. exceeded the control by 179%
(P < 0.001). Theophylline (50pM) reduced these effects of adenosine by 23%, 43% and 51%, respec-
tively, without influencing the uptake of adenosine into the heart.
4 When adenosine (1-10 pM) was administered to hearts perfused at controlled flow, a dose-
dependent decrease in the perfusion pressure, by 27% and 44% respectively, was observed. In
parallel, the resulting increase in 6-keto-PGF,. efflux was considerably lower (49% (P < 0.05) and
43% (NS), respectively). A similar decrease in perfusion pressure induced in the absence of aden-
osine decreased the efflux of 6-keto-PGF,,, by 15% (P < 0.01) and 32% (P < 0.001), respectively.
5 Addition of adenosine (1-10pM) to incubates of rabbit aortic rings did not significantly affect the
concentration of 6-keto-PGF,, in the incubation medium in comparison with control.
6 We conclude that adenosine stimulates rabbit heart PGI2 formation, mainly by an action
related to the vasodilator effect of the nucleoside.

Introduction

Adenosine is a degradation product of adenosine tri-
phosphate (ATP) that is continuously formed in the
working heart. In the coronary vessels, adenosine is
a vasodilator. Cardiac formation of adenosine is
enhanced during hypoxia or ischaemia (Gerlach et
al., 1963; Imai et al., 1964), supporting the hypothe-
sis of a role of the nucleoside in the physiological
regulation of coronary tone (Berne, 1961).
We showed previously (Ciabattoni & Wennmalm,

1985) that adenosine stimulates the formation of
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6-keto-prostaglandin Fl. (6-keto-PGF,.), the stable
degradation product of prostacyclin (PGI2), in the
rabbit heart. PGI2 is a powerful vasodilator and
platelet anti-aggregatory compound (Gryglewski et
al., 1976). A stimulatory effect of adenosine on the
cardiac formation of PGI2 may be of significance
during hypoxia or ischaemia in vivo, since the two
compounds may then act synergistically in pro-
moting coronary flow and the anti-aggregation of
platelets.

In the above-mentioned study, utilizing rabbit
hearts perfused at controlled pressure, adenosine
promoted both the coronary flow and efflux of
6-keto-PGF,. (Ciabattoni & Wennmalm, 1985).
Increased shear stress has been found to augment
endothelial formation of PGI2 (Grabowski et al.,
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1982; Frangos et al., 1985). If such an effect of shear
stress on PGI2 formation by the coronary endothe-
lium also occurs in the intact heart, the effect of
adenosine in augmenting PGI2 formation might be,
at least partly, due to the flow-promoting effect of
adenosine in a controlled pressure system.
To test this hypothesis, we compared the effect of

adenosine on the efflux of 6-keto-PGF1, from
rabbit hearts perfused at controlled pressure with
that from hearts perfused at controlled flow. In addi-
tion, we studied the effect of adenosine on vascular
PGI2 formation in the absence of flow.

Methods

Perfusion ofrabbit hearts

Rabbits of mixed strains and either sex, weighing 1.4
to 2.5 kg, were used for the study. They were stunned
by cervical dislocation and subsequently exsangui-
nated via the left carotid artery. A catheter was
rapidly inserted into the root of the aorta, allowing
coronary perfusion to be quickly re-established. The
heart was then excised and transferred to the per-
fusion apparatus, in which it was perfused at con-
trolled pressure (70 cmH20) with a modified Tyrode
solution of the following composition (in mM): NaCl
136.9, KCI 2.7, CaCl2 1.8, MgCl2 1.0, NaHCO3 23.8,
NaH2PO4 0.8 and glucose 5.6. The solution was
saturated with a gas mixture consisting of 97% 02
plus 3% CO2. The pH of the bubbled solution was
7.4 and the perfusate temperature was 380C. For per-
fusion at controlled flow rate, a roller pump (Ismatec
SA, Zurich, Switzerland) was introduced between the
perfusate reservoir and the aortic cannula, which
allowed continuous adjustment of the flow rate.
The coronary flow rate was continuously followed

by timed collection of the effluent in pre-tared glass
beakers, which were weighed on an ordinary labor-
atory scale.

Perfusion pressure was monitored via an open
column system connected to the perfusion system via
a side branch.

Preparation ofaortic rings

After excision of the heart, the aorta was removed
and put into a dissection beaker containing gassed
Tyrode solution. After removal of surrounding
tissue, the cleaned aorta was cut into 2mm wide
rings which were transferred to the incubation tubes
containing Tyrode solution.

Protocol

Three different series of experiments were performed:

Controlled pressure perfusion Seven hearts were
included in the series. After the heart had equili-
brated with the perfusion system for 20 min, a 10min
infusion of adenosine (Sigma, final concentration
10pM) was commenced. Subsequently, the perfusate
was changed to drug-free Tyrode solution, and the
heart was allowed to recover for 30min. Theophyl-
line (Theophyllamine ACO, final concentration
50 M) was then added to the perfusate. After 5 min
of perfusion with theophylline, administration of
adenosine for 10 min was repeated as described
above.

Samples for analysis of basal purine and 6-keto-
PGF1 levels in the effluent were drawn 5 min
before the beginning of each adenosine infusion.
Samples were also taken in four 15s periods during
the first minute of infusion of adenosine, in two 30s
periods during the following 2 min, and at the begin-
ning of min 4-10, i.e. until the end of administration
of adenosine.

Controlled flow perfusion This series comprised 17
animals. After a 20min period of equilibration at
controlled pressure, perfusion was changed to con-
trolled flow, set at the rate prevailing during the pre-
ceding controlled pressure perfusion. After a 10min
period at this flow rate, eleven hearts were randomly
subjected either to an infusion of adenosine (final
concentration 10pM) followed by a 50% decrease in
flow rate (resulting in approximately the same
decrease in perfusion pressure as observed during the
previous infusion of adenosine) or to the same pro-
cedures in the reverse order. The remaining six
hearts in this series were randomly subjected to an
infusion of adenosine (final concentration 1 pM) fol-
lowed by a 25% reduction of the coronary flow rate,
or the reverse procedures. All interventions were
maintained for 10min. In each experiment, the two
intervention periods were separated by a 20min
recovery interval, during which controlled perfusion
at the basal perfusion rate was maintained.
Samples for analysis of purines and of 6-keto-

PGF1. in the cardiac effluent were withdrawn during
the basal periods 5 min before the intervention, and
during 6-10 min of the intervention periods.

Aortic rings The rings from each aorta were
divided into three equally large groups. They were
incubated with 4ml of one of the following solu-
tions: Tyrode without drug (control), Tyrode +
adenosine (1 pM), and Tyrode + adenosine (10puM).
The incubation was maintained for 20min. Samples
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for analysis of 6-keto-PGF 1. were taken from each
incubation at 5, 10, and 20 min.

Analyses

The coronary effluent was collected on ice during the
course of the experiments. After volume determi-
nation of the samples, separate portions for analysis
of purines and of 6-keto-PGF1 were frozen and
kept at - 80'C until analysis. Purines were analysed
in unextracted samples as adenosine, inosine and
hypoxanthine using high performance liquid chro-
matography with absorbance detection (Fredholm &
Sollevi, 1981). Since the proportion of adenosine,
inosine and hypoxanthine varied between the
samples, the sum of these three nucleotide metabo-
lites is presented.

Analysis of 6-keto-PGFia was performed in unex-
tracted samples in duplicate using radioimmunoass-
ay in 1: 30 to 1: 300 dilution (Patrono et al., 1982).
The antibody used was raised in the Department of
Pharmacology, Catholic University, Rome. The
lowest concentration measurable with 95% con-
fidence (i.e. 2s.d. at zero) was 0.5pgmlP' in undi-
luted heart effluent. The intra-assay variability
averaged 4% and the inter-assay variability averaged
8% over a range of 6-keto-PGFI, concentrations
from 15 to 200pg ml-1.
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Statistical analysis

Figures in the text and tables are presented as
mean + s.e. Student's t test (two-tailed) for paired or
unpaired means was used for calculation of sta-
tistical differences, when applicable.

Results

Controlled pressure perfusion

The basal coronary flow was 26 + 3 ml min -. When
the perfusate was changed to a solution containing
adenosine (10 yM), there was an immediate increase
in coronary flow. The elevation was significant
(P < 0.005) after only 30 s of infusion, the flow reach-
ing a level of 31 + 4 ml min'-. Subsequently, the rate
of increase became slower; at the end of the 10 min
exposure to adenosine, the coronary flow had
increased to about 36 + 4 ml min 1 (Figure la).
The basal concentration of purines in the per-

fusate was 0.5 + 0.2 nmol ml- . Perfusion with
adenosine-containing solution caused an immediate
increase in the effluent concentration of purines. The
effluent concentration of purines reached a peak of
around 11 nmol ml1 during the second min of
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Figure 1 Rabbit hearts perfused at controlled pressure.
Effect of an infusion of adenosine (10.uM) (maintained
between 0 and 600s) on: (a) coronary flow without (E)
and with (*) theophylline (5014M); (b) efflux of purines
without (l) and with (*) theophylline (50 M); (c) efflux
of prostacyclin (PGI2) without (E0) and with (*) theo-
phylline (50,uM). Each point represents the mean
(n = 7); vertical lines indicate s.e. mean.
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Table 1 Effect of a 10min infusion of adenosine (10pM), alone or with theophylline (50.pM), on the efflux of purines
and 6-keto-prostaglandin F1, from the rabbit isolated heart perfused at controlled pressure

Total purine efflux (nmol)
0-5 min 6-10min 0-10min

Total 6-keto-PGF1. efflux (ng)
0-5 min 6-10min 0-10min

A Control
(n = 7)

B Adenosine 10 pM
(n = 7)

C Adenosine 10pM
+ theophylline 5OpM
(n = 7)

54.1
± 12.2

987***
+ 115

632**
+ 92.0

54.1
+ 12.2

1570***
+ 168

1170***
+ 168

108
± 24.4

2560***
+ 280

1800***
+ 254

9.96
+ 1.43

25.6***
+ 4.92

12.3**
+ 2.69

9.96
± 1.43

29.9***
+ 5.99

16.0**
+ 4.23

19.9
± 2.86

55.5***
+ 10.7

28.3**
+ 6.21

Values are expressed as mean ± s.e. mean. n = number of experiments.
Efflux of purines was measured as the sum of the effluxes of hypoxanthine, inosine and adenosine. Data represent
cumulative effluxes during the first 5min (0-5min), the next Smin (6-10min) and the whole 10min (0-10min)
period of adenosine infusion. Control data represent a 10min period preceding infusion of adenosine.
** P < 0.005; (B) vs (C). *** P < 0.001; (B) vs (A), (C) vs (B).

exposure to adenosine. Subsequently, the effluent
concentration of adenosine stabilized at around
9 nmolml-' (Figure 2). The total amount of purines
leaving the heart during the 10min perfusion with
adenosine-containing solution amounted to about
80% of the perfusate content. Assuming that the
basal production of purines in the heart was unaf-
fected by the infusion of adenosine, this effluent con-
centration implies that the net retention of adenosine
in the heart was about 25%. The efflux of adenosine
was significantly (P < 0.001) lower during the initial
part (first 5 min) of the exposure to adenosine
(average gross retention 39%) compared to the last
5min of exposure (average gross retention about
3%, Tables 1 and 2).
The basal concentration of 6-keto-PGF1, in the

coronary effluent was 83 + IO pg ml- . During expo-
sure to adenosine (10pM) there was a progressive
increase in this concentration. During the latter part
of the second min of adenosine exposure, the effluent
concentration of 6-keto-PGF1, had risen to
154 + 22pgml-1 (P < 0.01). The peak value

Table 2 Uptake of adenosine by the rabbit isolated
adenosine + 50M theophylline

(230+49 pg ml 1) was reached 1 min later. The
effluent concentration of 6-keto-PGF1 subse-
quently decreased somewhat, but was significantly
elevated throughout the exposure to adenosine
(Figure 2).
The timed efflux of 6-keto-PGF1, displayed the

same tendency as the effluent concentration of this
compound. The basal efflux was 2.3 + 0.4ngmin 1.
The peak efflux, 9.3 + 3.1 ngmin-1 (P < 0.001), was
reached after 5-6 min of infusion. The efflux of
6-keto-PGFz,. did not display any definite tendency
towards a decrease during the latter part of the
exposure to adenosine (Figure ic).

Effect of theophylline Theophylline (50 pM) reduced
the basal coronary flow from 26 + 3 to
21 + 3mlmin-' (P <0.001, Figure la). When the
perfusate was changed to a solution containing
adenosine (10pM), the flow response was consider-
ably less pronounced than before theophylline
(Figure la). The average reduction by theophylline of
the coronary flow during exposure to adenosine was

heart perfused with 10pM adenosine or with 10pM

Adenosine
infused

A Adenosine 10pM
(n = 7)

B Adenosine 10pM
+ theophylline 50M
(n = 7)

3250
+ 348

2500*
+ 356

Adenosine
uptake

Purine
efflux

(nmol lOmin-)

2560
± 280

1800***
± 254

689
± 144

704
+ 100

Values are expressed as mean ± s.e. mean. n = number of experiments.
* P < 0.02; (B) vs (A). *** P < 0.001; (B) vs (A).
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Figure 2 Rabbit hearts perfused at controlled pressure.

Effect of an infusion of adenosine (10pM) (maintained
between 0 and 600s) on (a) the effluent concentration of
purines (sum of adenosine, inosine and hypoxanthine)
without (C) and with (*) theophylline (50pM), and (b)
on the effluent concentration of 6-keto-prostaglandin
F,1 (6-keto-PGF1) without (0) and with (*) theophyl-
line (50pM). Each point represents the mean (n = 7);
vertical lines indicate s.e. mean.

about 23%. Although the total amount of adenosine
infused during the 10min exposure was significantly
(P < 0.02) lower in the presence than in the absence
of theophylline (due to the lower flow), the total
amount of adenosine retained did not differ from
that retained by hearts not given theophylline (Table
2). The concentration of purines in the coronary
effluent did not differ between these groups either
(Figure 2).
The basal efflux of 6-keto-PGFlL, was significantly

(P < 0.05) reduced by theophylline. The response to
adenosine (10 pM) was also reduced: the peak level
of 6-keto-PGFi, in the coronary effluent was

130 + 20 pg ml -l (P < 0.05), and it was not reached
until after 5 min of exposure to adenosine (Figure 2).

The total efflux of 6-keto-PGF,. during exposure to
adenosine was reduced by 51% by theophylline
(P < 0.005, Table 1).

Controlledflow perfusion

The mean basal coronary flow in this series was
17 + Imlmin-1 (n = 17). When the perfusate was
changed to a solution containing adenosine (1-
10pM), a significant (P < 0.001) and dose-dependent
decrease in perfusion pressure developed (Figure 3).
Adenosine (10 pM) also increased the efflux of purines
from the heart, indicating an incomplete retention of
nucleotide within the organ (Figure 3). The estimated
net uptake of adenosine in the heart was 54 + 9% at
1pM and 57 + 2% at 10pM.
Adenosine (1 pM) elicited a significant (P < 0.05)

increase in the efflux of 6-keto-PGF1, into the coro-
nary effluent. However, the higher concentration of
adenosine (10 pM) only elicited an insignificant in-
crease in coronary efflux of 6-keto-PGF1. (Figure 3).

Reduction of the coronary flow rate by 25 and
50% reduced the perfusion pressure to roughly the
same extent as adenosine 11iM and 10 pm, respec-
tively. In response to such flow reduction-induced
decreases of perfusion pressure, the efflux rates of
6-keto-PGF1, were significantly reduced, by about
15% (P < 0.01) and 32% (P < 0.001), respectively.
The efflux of purines, however, was unchanged
during the flow reduction-induced decrease of per-
fusion pressure, indicating that the washout capacity
of the perfusion was still intact (Figure 3).

Incubation ofaortic rings

Incubation of aortic rings in Tyrode solution elicited
a time-dependent accumulation of 6-keto-PGF1, in
the incubation medium. The average production of
6-keto-PGFI. during the second 5min period of
incubation was 0.06 + 0.08 ng ml - ' incubate and the
average formation rate between 5 and 20 min of
incubation was 0.64 + 0.18ngml-P. Addition of
adenosine (1 pM) to the incubation medium did not
induce any significant effect on the rate of formation
of 6-keto-PGFl,. By analogy, adenosine (10piM)
failed to induce any significant effect on the sponta-
neous formation of 6-keto-PGF1I, in the incubation
medium (Figure 4).

Discussion

In these experiments, infusion of adenosine (10pM) in
rabbit isolated hearts perfused at controlled pressure
induced a considerable increase in the efflux of
6-keto-PGFI., in accordance with results pre-
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Figure 3 Rabbit hearts perfused at controlled flow. (a-c) Show the effect of infusion of adenosine (Ado, 1 or IOPM)
on (a) perfusion pressure, (b) efflux of purines (sum of adenosine, inosine and hypoxanthine), and (c) efflux of
prostacyclin metabolite (6keto-prostaglandin Fj6). (d-i) The effect of reducing the perfusion pressure (by lowering
the coronary flow rate by 25% or 50%), to approximately the same levels as those induced by adenosine, on (d) the
perfusion pressure, (e) the efflux of purines and (I) the efflux of the prostacyclin metabolite. Columns and bars
represent means and s.e. means, respectively (n = 6-11). Note that the reduction of the perfusion pressure with
adenosine increased the efflux of prostacyclin metabolite, while a corresponding drop in pressure elicited by a

lowered coronary flow was followed by a decreased efflux of prostacyclin metabolite. *, **, and *** indicate that the
values differ significantly (by P < 0.05, 0.01, and 0.001, respectively) from the corresponding basal values; NS indi-
cates not significant.

viously described by us (Ciabattoni & Wennmalm,
1985). Parallel to the increased efflux of 6-keto-
PGFj., adenosine increased the coronary flow rate.
Experimental data on isolated endothelial cells (cf.
Introduction) clearly demonstrate that shear can
augment the formation of prostacyclin. The current
increase in PGI2 formation may consequently be
mainly due to the promotion of flow rate. However,
our data indicate that the stimulant effect of aden-
osine on the coronary formation of PGI2 was more
pronounced than the increase in flow. Thus, the
coronary flow increased by less than 40% in
response to adenosine (10pM), while the efflux of
6-keto-PGF16 was augmented by almost 180%.
Furthermore, the purinoceptor antagonist theophyl-
line, at a concentration known to inhibit adenosine
receptors, reduced the coronary flow by 23% but

decreased the efflux of 6-keto-PGF1 by more than
50%. These results indicate that the increased flow
induced by adenosine in a certain vascular circuit is
less pronounced than the nucleotide's facilitation of
PGI2 formation. Alternatively, adenosine may
recruit new vessels in the heart; such recruitment
should elicit a similar pattern of 6-keto-PGF,. efflux,
provided that opening up of a vessel as such adds to
the common cardiac formation of PGI2. The data
do not, however, exclude the possibility that the
effect of adenosine on the bioformation of PGI2 in
the coronary vessels was, to some extent, dissociated
from the vasodilator property of the nucleotide.
When adenosine was give under conditions that

did not allow an increase in flow rate to develop, i.e.
during controlled flow, the efflux of 6-keto-PGF1,
was much lower. This supports the assumption that
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Figure 4 Incubation of aortic rings. Effect of aden-
osine, 1 (hatched columns) and 10 (stippled columns)
pi, on the spontaneous formation of prostacyclin
metabolite. The values at Omin and 20min express the
amounts formed as a percentage of the amounts formed
after 5min of incubation (= 100%). Columns and bars
represent means and s.e. means, respectively (n = 4).
The formation rates in the presence of adenosine (1 or
10pM) are not significantly different from their corre-
sponding controls (solid columns), either at 10min or at
20min.

the major part of the effect of adenosine on PGI2
synthesis was flow-dependent. Adenosine given at
constant flow elicited a drop in perfusion pressure.
Hence, vasodilatation did also occur when the heart
was perfused at constant flow. Since this vasodilata-
tion was parallelled by an increased efflux of 6-keto-
PGFlE, the proposal that adenosine opens up new
vessels is given some support. The drop in pressure
may to some extent have masked the true effect of
adenosine on the formation of 6-keto-PGFi,; when
a similar drop in perfusion pressure was induced by
decreasing the flow rate, the efflux of 6-keto-PGFI,
was, in fact, lowered. This may be due to a more
efficient tissue uptake and elimination of
PGI2/6-keto-PGF1g when the coronary pressure was
lowered. If so, the net effect of adenosine in pro-
moting PGI2 formation would have been somewhat
larger than that seen in these controlled flow experi-
ments.
As to the question of the source of the increased

efflux of 6-keto-PGFl,, a comment may be justified.

Although vascular smooth muscle and cardio-
myocytes have been shown to possess the ability to
synthesize PG12, the coronary vascular endothelium
is generally considered to be the main cardiac source
of this eicosanoid (MacIntyre et al., 1978). In a pre-
vious study, we demonstrated that adenosine pro-
moted the efflux of 6-keto-PGF,. into the venous
effluent, representing mainly coronary endothelial
PG12 formation, and not into the interstitial effluent,
which reflects formation in the cardiomyocytes (De
Deckere & Ten Hoor, 1977). These findings led us to
suggest the coronary endothelium as the target for
the administered adenosine. This assumption is sup-
ported by the above-mentioned data on the effect of
shear in isolated endothelial cells (Grabowski et al.,
1982; Frangos et al., 1985).

In contrast to the stimulant action of adenosine
on the formation of 6-keto-PGF1. in the perfused
hearts, the nucleoside was completely inefficient in
eliciting a corresponding action in the rabbit aortic
rings. This finding is in agreement with the observa-
tion that adenosine lacks effect on the formation of
PG12 in cultured pig endothelial monolayers
(Pearson et al., 1983). We cannot exclude the possi-
bility that the doses of adenosine applied in the
aortic ring incubations were insufficient to stimulate
endothelial purinoceptors. Yet, the aortic ring
experiments support the assumption from the heart
perfusion experiments that the facilitating effect of
adenosine on PG12 synthesis is critically flow-
dependent.

In summary adenosine, which is produced contin-
uously in the beating heart in amounts depending on
the energy state of the organ, may stimulate cardiac
- probably coronary - formation of prostacyclin.
This effect of adenosine appears to be mediated by
activation of the same coronary purinoceptors as
those eliciting vascular smooth muscle relaxation.
Furthermore, the stimulant effect of adenosine seems
to be closely related to the extent of flow promotion
induced by the relaxation of the vascular smooth
muscle.

This study was supported by The Council for Tobacco
Research - U.S.A., Inc. (project 1300), by The Swedish
Medical Research Council (project 04X-4341) and by Con-
siglio Nazionale delle Richerche (project 85.00435.04 and
86.00039.04).
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