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DISTRIBUTION OF PI- AND P2-PURINOCEPTORS IN THE GUINEA-
PIG AND FROG HEART

GEOFFREY BURNSTOCK & PARVIZ MEGHJI

Department of Anatomy & Embryology, University College London, Gower Street, LondonWC 1E 6BT

1 The effects of adenyl compounds were examined on the guinea-pig and frog heart in terms of the
Pl/P2-purinoceptor hypothesis.
2 The effects of two slowly degradable adenosine 5'-triphosphate (ATP) analogues; ,-Y-
methylene adenosine 5'-triphosphate (APPCP) and a,p-methylene adenosine 5'-triphosphate
(APCPP) were also examined.
3 Adenosine, adenosine 5 '-monophosphate (AMP), adenosine 5 '-diphosphate (ADP), ATP and
APPCP produced inhibitory effects in guinea-pig atria. These inhibitory effects were antagonized
competitively by theophylline and potentiated by dipyridamole. APCPP did not produce a similar
inhibitory response.
4 Guinea-pig ventricles were insensitive to adenyl compounds.
5 ATP and ADP produced initial excitatory effects in frog atria which were followed by inhibitory
effects. Adenosine and AMP produced inhibitory effects alone whereas APCPP produced excitatory
effects only. The inhibitory effects were antagonized competitively by theophylline and potentiated
by dipyridamole.
6 ATP, ADP, APPCP and APCPP evoked excitatory responses in frog ventricles. These responses
were not affected by theophylline or dipyridamole. Adenosine and AMP were inactive on frog
ventricles.
7 It is concluded that only PI-receptors are present in guinea-pig atria; that both Pl- and
P2-receptors are present in frog atria; and that only P2-receptors are present in frog ventricles. No
evidence was found for the presence of either Pl- or P2-purinoceptors in guinea-pig ventricles.

Introduction

The heart is sensitive to adenyl compounds (see
Drury & Szent-Gyorgyi, 1929; Green & Stoner,
1950; Burnstock, 1976; 1980); these compounds
have negative inotropic and chronotropic effects on
the heart of both mammals (Hollander & Webb,
1957; James, 1965; Hopkins, 1973a; Fujita, Ishida,
Izumi, Moritoki, Ohara & Takei, 1980) and frogs
(Versprille & Van Duyn, 1966; Hartzell, 1979). In
addition, an initial positive inotropic and chrono-
tropic effect of adenosine 5 '-triphosphate (ATP) has
been reported in the frog heart (Versprille, 1963;
Flitney, Lamb & Singh, 1977; Goto, Yatani & Tsuda,
1977).

It was recently proposed (Burnstock, 1978) that
receptors for purine nucleotides and nucleosides
could be classified into two types: PI-purinoceptors,
which are most sensitive to adenosine, are competi-
tively blocked by methylxanthines, and occupation of
which leads to changes in cyclic adenosine 3',5'-
monophosphate (cyclic AMP) accumulation; and P2-
purinoceptors which are most sensitive to ATP, and
which are blocked (although not competitively) by
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quinidine, 2-substituted imidazolines, 2,2' -
pyridylisatogen and apamin.
The aim of the present study was to examine the

responses of the guinea-pig and frog heart to
adenosine, adenosine 5 '-monophosphate (AMP),
adenosine 5 '-diphosphate (ADP), ATP and two
slowly degradable ATP analogues (cx,j-methylene
ATP and 0,-y-methylene ATP) in terms of the P1/P2-
purinoceptor hypothesis.

Methods

Guinea-pigs (350-600 g) of either sex were killed by
a sharp blow to the back of the neck. The hearts were
excised and the left atria dissected free in cold
bicarbonate-buffered physiological salt solution
(Blinks, 1966) which was continually gassed with a
mixture of 95% 02 and 5% CO2. The left atrium was
mounted on a punctate electrode (Blinks, 1965) and
then transferred to a 10 ml bath maintained at
32.5°C. An initial load of 0.5 g was applied to the

© Macmillan Publishers Ltd 1981



880 GEOFFREY BURNSTOCK & PARVIZ MEGHJI

preparation. The punctate electrode was used as a
cathode (with a distant anode) to deliver electrical
stimuli to the muscle (2.5 Hz, 5 ms duration) at twice
threshold voltage. The right ventricle was cut into
two strips which were then suspended in 10 ml organ
baths. A resting tension of 1 g was applied and kept
constant by readjustment during the equilibration
period. The ventricle strips were electrically stimu-
lated (2.5 Hz, 5 ms) at twice the threshold voltage.
The mechanical activity was recorded isometrically
by means of a Grass FT 03C force transducer and a
Grass model 79D polygraph.

Frogs (Rana pipiens) were stunned by a blow to the
back of the head, decapitated and pithed. The hearts
were removed and placed in modified oxygenated
Ringer solution (Gambhir & Tripathi, 1978). The
spontaneously beating atria were mounted in a 10 ml
bath at room temperature ( 17 - 20°C). Strips of ven-
tricle were mounted in 10 ml baths and were stimu-
lated electrically (0.5 Hz, 5 ms duration). The force
of contraction developed by the frog atria and ven-
tricular strips was recorded as described above.
The preparations were allowed to equilibrate for

60 min before the use of drugs. The bathing solution
was changed every 15 min during the equilibration
period. Responses were measured as percentages of
basal levels. Statistical significance was evaluated by
the t test for paired or unpaired samples and P values
of 0.05 or less were considered to be significant.
Regression lines were drawn from pooled observa-
tions between the 20-80% range for each of the
dose-response curves. The gradients for control
dose-response curves were compared with those for
theophylline and dipyridamole-treated curves for di-
vergence from parallelism (P< 0.05 was considered
to be significant).

a
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Drugs

Adenosine, adenosine 5 '-monophosphate (AMP),
adenosine 5 '-diphosphate (ADP), adenosine 5'-
triphosphate (ATP), 13,y-methylene adenosine 5'-
triphosphate (APPCP), a,c-methylene adenosine 5'-
triphosphate (APCPP), theophylline, indomethacin,
adenosine deaminase (suspension in 3.2 M
(NH4)2SO4 solution) and 5'-nucleotidase were ob-
tained from Sigma. Dipyridamole was obtained from
Boehringer Ingelheim. All drugs were dissolved in
distilled water except for indomethacin which was
made up in 0.2 M sodium carbonate solution.

Results

Guinea-pig atria

Adenosine, AMP, ADP, ATP and APPCP
(5-150 iM) reduced the force of contraction of
guinea-pig left atria in a dose-dependent manner.
The order of potency of these compounds in produc-
ing negative inotropic effects was adenosine > AMP
> ADP = ATP. APPCP was slightly less potent than
ATP at low concentrations (5-15 pM); however, at
higher concentrations (65-650 pM) it was more po-
tent than ATP and ADP (Figures 1 and 2). All five
compounds required about 20s to produce their
maximum effect after a latency of 3-4 s.
APCPP (5-150pM) was inactive within the time

course of action of the other compounds studied
(n = 8, see Figure la). However, after a time lag of
about 17s either a positive inotropic effect or a
negative inotropic effect followed by a positive effect
was observed.
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Figure 1 Responses of guinea-pig atria to: (i) adenosine; (ii) ATP; (iii) P,y-methylene ATP (APPCP); (iv)
a,p-methylene ATP (APCPP), in the absence (a) and presence (b) of theophylline (100I1M).
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Figure 2 Log dose-response curves of electrically-driven guinea-pig atria to the negative inotropic effects of (0)
adenosine; (-) AMP; (A) ADP; (V) ATP and (0) f,y-methylene ATP (APPCP); (a) control; (b) in the presence of
theophylline (100l1M) and (c) in the presence of dipyridamole (0.5;pM). Each point is the mean of at least 3
observations. Vertical bars show s.e.mean.

After incubation with theophylline (100 LM) for 30
min the dose-response curves to adenosine, AMP,
ADP, ATP and APPCP were shifted ten fold to the
right (Figure 2). The regression lines for adenosine,
AMP, ADP, ATP and APPCP had gradients of 32. 1,
30.8, 40.6, 42.7 and 60.2 respectively in the case of
control curves and 43.9, 38.7, 45.3, 40.6 and 47.9 in
the case of theophylline-treated curves. The slopes of
the linear portions (in the 20-80% range) of the
dose-response curves did not diverge significantly
from parallel in the presence of theophylline
indicating a competitive antagonism. The effect of
theophylline was found to be reversible upon
washout.

Incubation with dipyridamole (0.5 pM) for 30 min
potentiated the negative inotropic effects of
adenosine, AMP, ADP, ATP and APPCP, making
the five compounds about equipotent (Figure 2). The
regression lines for adenosine, AMP, ADP, ATP and
APPCP had gradients of 46.2, 42.4, 42.7, 44.5 and
65.5 in the presence of dipyridamole. These gra-
dients were not significantly different from those of
controls.

In the presence of adenosine deaminase (2 u/ml)
and 5'-nucleotidase (2 u/ml) the duration of action
and size of the responses produced to adenosine and
AMP were significantly reduced. However,
adenosine deaminase and 5'-nucleotidase did not
alter the effects produced by ATP and ADP.

Guinea-pig ventricles

Guinea-pig ventricular strips were found to be insen-

sitive to adenosine, AMP, ADP and ATP
(5 - 300 gM) in most of the preparations tested. How-
ever, in 2 out of the 11 preparations tested, an

inhibitory response was produced by each compound
when used in high concentrations (100-3001pM).
These responses were not affected by dipyridamole
(0.5 pM) or theophylline (100 pAM).

Frog atria

Both ATP and ADP initially produced positive ino-
tropic and chronotropic effects on the frog atria
which were followed by negative inotropic and
chronotropic responses. ATP andADP were equipo-
tent in producing these effects. However, adenosine
and AMP produced only negative inotropic and
chronotropic effects without the initial positive ef-
fects. APCPP produced positive inotropic and
chronotropic effects only and took seven times as

long as ATP and ADP to reach a maximum. Exam-
ples of the effects of adenosine, ATP and APCPP on

frog atria are shown in Figure 3. Adenosine, AMP,
ADP and ATP were not significantly different from
each other in reducing the force of contraction of frog
atria but ATP and ADP took 1.3 times as long as
adenosine and AMP to reach a maximum. The nega-
tive inotropic and chronotropic effects of adenosine,
AMP and the secondary inhibitory responses to ATP
and ADP were antagonized by theophylline
(100 pM), the dose-response curves being shifted ten
fold to the right (Figure 4). Incubation with di-
pyridamole (0.5 piM) for 30 min potentiated the nega-
tive inotropic and chronotropic effects of adenosine,
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Figure 3 Responses of frog atria to: (i) adenosine; (ii) ATP; (iii) oc,j-methylene ATP (APCPP); in the absence (a)
and presence (b) of theophylline (100lGM).

AMP, ADP and ATP (Figure 4). The regression lines
for adenosine, AMP, ADP and ATP had gradients of
44.9, 38.8, 48.9 and 42.2 respectively in the case of
control curves; 59.8, 66.1, 54.8 and 48.6 in the
presence of theophylline and 47.1, 40.1, 63.5 and
53.5 in the presence of dipyridamole. The gradients
of the linear portions (in the 20-80% range) of the
dose-response curves did not diverge significantly
from parallel in the presence of theophylline and
dipyridamole.

Frog ventricles

ATP, ADP, APPCP and APCPP (1-15OpM) pro-

duced positive inotropic effects (Figure 5).
Adenosine and AMP in doses as high as 300 AM were

inactive on most of the frog ventricular strips tested.
However, in 3 out of 24 preparations, high concent-
rations of adenosine and AMP (100-3001pM) pro-

duced excitatory responses and in 2 other prepara-

tions produced inhibitory responses. Typical exam-

ples of these effects of adenosine, ATP and APCPP
are illustrated in Figure 6. The responses to ATP and
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Figure 4 Log dose-response curves of spontaneously
beating frog atria to the negative inotropic effects of (0)
adenosine; (U) AMP; (A) ADP and (V) ATP alone,
(a); and (0) adenosine; (E) AMP; (A), ADP and (V)
ATP in the presence of, (b) theophylline (100 1uM) and
(c) dipyridamole (0.5 pM). Each point is the mean of at
least 5 observations; vertical lines show s.e.mean.
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Figure 5 Log dose-response curves of electrically-
driven frog ventricular strips to the positive inotropic
effects of (V) ATP; (A) ADP; (0) J,y-methylene ATP
(APPCP) and (U) a,-methylene ATP (APCPP). Each
point is the mean of at least 6 observations. Vertical bars
show s.e.mean.
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Figure 6 Responses of frog ventricular strips to: (i) adenosine; (ii) ATP and (iii) a,p-methylene ATP (APCPP).

ADP were not significantly altered by either
theophylline (100 gM), dipyridamole (0.5 gM) or in-
domethacin (20 jM). The responses produced by
APCPP took about four times as long as ATP and
ADP to reach a maximum. The dose-response curve

for APCPP was steeper than those for ATP, ADP
and APPCP and the maximum response of the
former analogue was much higher than that of ATP
(Figure 5).

Discussion

This study has demonstrated different responses to
adenosine and ATP in the guinea-pig and frog heart.
The effects of theophylline and dipyridamole on

these responses are consistent with the P1/P2-
purinoceptor hypothesis. In guinea-pig atria,
adenosine was the most potent, the order of potency
being adenosine> AMP> ATP = ADP. This sug-
gests that the effects of these compounds are due to
the involvement of the postulated P,-purinoceptor; a

view substantiated by the finding that the actions of
adenosine, AMP, ADP, ATP and APPCP were com-

petitively antagonized by theophylline. It is not clear
why APPCP has a distinctive sigmoid shaped dose-
response curve. APCPP, which is resistant to degra-
dation to adenosine (Satchell & Maguire, 1975;
Maguire & Satchell, 1979) was inactive within the
time course of action of ATP, supporting the view
that ATP is metabolized to adenosine and AMP
before acting on the PI-receptor. The mode of action
of APCPP in producing variable excitation or inhibi-
tion and excitation after a long latency is not known.
The actions of adenosine, AMP, ADP, ATP and
APPCP were potentiated by dipyridamole, which
blocks adenosine uptake (Stafford, 1966; Hopkins,
1973b; Kalsner, 1975). The rapid onset of the re-

sponse to ATP (Hollander & Webb, 1957; Fujita et
al., 1980) and the ineffectiveness of adenosine
deaminase and 5'-nucleotidase on the response to
ATP (confirming the results of Rubio, Belardinelli,
Thompson & Berne, 1979) suggest that ATP may
also have some action which is independent of its
metabolism to AMP and adenosine. Nevertheless,
since the action of ATP was antagonized by
theophylline, there does not appear to be any evi-

dence for the presence of a P2-receptor in guinea-pig
atria.

Guinea-pig right ventricular strips did not respond
to ATP, ADP, AMP or adenosine in most prepara-
tions. Inhibitory responses were seen only at high
concentrations in two preparations and, since they
were not affected by dipyridamole or theophylline, it
is unlikely that these effects were specific. Apart from
the work of Szentmikl6si, Nemeth, Szegi, Papp &
Szekeres (1980), these results are consistent with
previous reports. Adenosine does not modify the
action potentials or the contractile properties of the
ventricle of guinea-pig (Lammerant & Becsei, 1973;
Schrader, Rubio & Berne, 1975; Schrader, Gerlach
& Baumann, 1979). Pl-purinoceptors may be pres-
ent in the ventricle of other species. Adenosine in-
creased the left ventricular contractile force in
Langendorff rabbit hearts, secondary to the release
of myocardial noradrenaline (Buckley, 1970a, b) and
it induced a small negative inotropic effect followed
by a marked positive inotropic effect on the dog
ventricle (Chiba & Himori, 1975).

In frog atria, the responses to adenosine and AMP
differed from those to ADP and ATP. ATP and ADP
had a biphasic effect, consisting of an initial positive
inotropic and chronotropic phase followed by a nega-
tive inotropic and chronotropic phase. Adenosine
and AMP, in comparison, had only a negative ino-
tropic and chronotropic effect. Since theophylline
competitively blocked the inhibitory effects of
adenosine, AMP and the secondary effects of ATP
and ADP, it seems likely that these effects were
mediated through P1-purinoceptors. Furthermore,
these inhibitory effects were potentiated by blocking
adenosine uptake with dipyridamole. The excitatory
actions of ATP, ADP and APCPP were unaffected
by pretreatment with theophylline and therefore are
not mediated via Pi-receptors, but rather by P2-
receptors which are more sensitive to ATP than to
adenosine. APCPP produced an excitatory effect
only; this is consistent with the view that ATP is
degraded to AMP and adenosine before producing
the inhibitory phase. The longer time taken for the
second phase of the responses to ATP and ADP to
reach a maximum compared with that taken by
adenosine and AMP also supports this idea. Alterna-
tively, APCPP could have a lower affinity than ATP

iii
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for the Pl-receptor; however, it would be necessary
to block ATP breakdown in order to see which
explanation is more likely. The results of this study
are consistent with those of Goto, Yatani & Tsuda
(1977) on frog atria. Versprille (1963) working on
frog hearts, obtained an excitatory effect followed by
an inhibitory effect of ATP, as in the present study,
but this biphase response was followed by a third
more pronounced excitatory phase that took 1- 2 min
to reach maximum and lasted for as long as 30 min.
The mode of action of the second excitatory phase is
not clear. Hartzell (1979) found that ATP as well as
adenosine and AMP caused hyperpolarization in the
frog sinus venosus, an effect which was competitively
blocked by methylxanthines, but no initial excitatory
response was reported either to ATP or adenyl im-
idodiphosphate, a degradation-resistant analogue.
This discrepancy could be due to the fact that Hart-
zell (1979) used the sinus venosus only, whereas
whole atria were used in the present study.

In frog ventricle strips ATP, ADP, APPCP and
APCPP produced positive inotropic effects but
adenosine and AMP were inactive even at high con-
centrations. ATP and ADP were equipotent in pro-
ducing excitatory effects which were not antagonized
by theophylline or potentiated by dipyridamole and
therefore were not mediated via PI-receptors. These
results agree with those of Versprille (1965), who
found ATP excitatory but AMP inactive on frog
ventricles, and suggest that a P2-receptor may be
involved. Prostaglandins PGE, and PGE2 produce
excitatory effects on frog ventricles (Flitney & Singh,
1978). In addition, prostaglandins are responsible for
the 'rebound contractions' that follow the inhibitory
response of the guinea-pig taenia coli to ATP (Burn-
stock, Cocks, Paddle & Staszewska-Barczak, 1975).
Since, indomethacin failed to antagonize the excitat-
ory actions of ATP and ADP in the present study,
stimulation of prostaglandin synthesis is an unlikely
explanation for these excitatory responses.
The steeper dose-response curve and the greater

maximal response of APCPP compared to ATP seen
in frog ventricles have been shown to be characteris-

tics of nucleotide analogues in which the polyphos-
phate chain is altered (Satchell & Maguire, 1975).
The greater maximum effect may be due to the
resistance of APCPP to degradation; the finding that
APCPP took four times as long as ATP to produce a
maximum effect is consistent with the work of Satch-
ell & Maguire (1975) on guinea-pig taenia coli. In
contrast with the present results, Flitney, Lamb &
Singh (1977) found that ATP and ADP evoked an
immediate initial positive inotropic effect on frog
ventricular strips followed by a period of inhibition
and then a period of longer lasting potentiation.
AMP was shown to produce a qualitatively similar
response to ATP and ADP at high doses (10001M)
but adenosine produced a small inhibitory effect. In a
later study, Flitney, Lamb & Singh (1978) suggested
that changes in intracellular cyclic nucleotides
mediated the actions of ATP. Singh & Flitney (1980)
found that adenosine depressed contractility of the
isolated ventricle of the frog. This effect was found to
be accompanied by changes in intracellular cyclic
nucleotide levels.

Thus, only PI-receptors are present in guinea-pig
atria, both P1 and P2 in frog atria and only P2 in frog
ventricles. No evidence was found for the presence of
Pl- and P2-receptors in guinea-pig ventricles. The
distribution of purinoceptors could be the physiologi-
cal consequences of different temperature control
mechanisms between warm blooded and cold
blooded animals. Additionally, in the frog atrium, the
coronary vessels are not developed and the myocar-
dial cells are nourished by intra-cavity blood; in this
situation the regulatory mechanism of adenosine in
the myocardium may be different (Goto, Yatani &
Tsuda, 1978). However, it still remains to be seen
whether these receptors have a physiological role and
whether they mediate the actions of adenine nuc-
leotides and nucleosides released from either neural
or non-neural sites. Meanwhile, because of the
marked differences in the distribution of Pl- and
P2-purinoceptors in the heart, these tissues may be
useful in ligand binding studies for examining the
chemistry of purine receptors.
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