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ABSTRACT: The effect of adenosine on the function of the heart in Octopus vulgaris was studied using an
isolated heart preparation. Bolus injections of adenosine or AMP (adenosine precursor) induced both positive
chronotropic and inotropic effects. The maximum inotropic effect preceded the maximum chronotropic effect.
The impermeable adenosine analogue 2-chloroadenosine elicited a similar effect, while the adenosine uptake
blocker dipyridamole did not affect the adenosine response. These results suggest that adenosine acted extra-
cellularly. The concentration-response curves of adenosine and AMP were also determined, by evaluating the
effects on ventricular and coronary function. Under these conditions, the potent chronotropic effect elicited by
both substances apparently masked or compensated for the inotropic effect, owing to the negative force-fre-
quency relationship known to occur in the octopus heart. The AMP displayed a lower threshold than adenosine,
suggesting an higher affinity for the purinergic receptors involved or a strict association between 5’-nucleoti-
dase and the adenosine receptor on the plasma membrane.
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INTRODUCTION

The purine nucleoside adenosine is an endogenous metabolic regulator, whose physi-
ological actions include vasorelaxation and CNS depression (Berne, 1980; Daval et al.,
1991). On the mammalian heart, it has negative chronotropic (West et al., 1987) and dro-
motropic (Clemo and Belardinelli, 1986) effects. It has also negative inotropic effects on
the atrial muscle (Chiba and Himori, 1975; Bruckner et al., 1985; Linden et al., 1985)
and is able to inhibit the positive inotropic response of the heart to catecholamines
(Verhaeghe and Vanhoutte, 1977; Belardinelli et al., 1982; Dobson, 1983).

A main role of adenosine in the regulation of myocardial blood flow has been pro-
posed (Berne, 1980). Adenosine nucleotides and adenosine are powerful coronary
vasodilators (Winbury et al., 1953) causing coronary smooth muscle relaxation
(Ramagopal er al., 1989). Part of this effect is endothelium-dependent (Headrick and
Berne, 1990; Olanrewaju et al., 1995). Adenosine appears also to potentiate flow-
induced vasodilation (Kuo and Chanallor, 1995). Adenosine formation in the heart has
been related to the availability of oxygén relative to the demand for its use (Sparks and
Bardenheuer, 1986; Olsson and Bunger, 1987), although it is now clear that the quantita-
tive relationships between cardiac oxygen consumption, adenosine release and coronary
flow rate can differ according to the kind of stimulus upon the heart (Olsson and
Pearson, 1990).

Some of the effects of adenosine are strongly species-dependent, probably reflecting
differences in the receptor density or degree to which these receptors are coupled to
effector systems (Olsson and Pearson, 1990). Very few studies have been done on the
role of adenosine in non-mammalian organisms (mainly chick and frog; see, e.g.,
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Hartzel, 1979; Belardinelli et al., 1982; Lazou and Beis, 1986). In invertebrates, informa-
tion on the physiological role of adenosine and related compounds is relatively scant.
Adenylate metabolizing enzymes have been reported, particularly in molluscs (Sciurba et
al., 1985; Lazou, 1989; Yoshida and Aikawa, 1993). Purine compounds appear to have
variable cardiac action in mollusca, depending on the species (Knight ef al., 1992).

The present study was designed to evaluate the pharmacological effects of adenosine
on the isolated and perfused heart of Octopus vulgaris (Cephalopoda: Octopoda).
Cephalopods are a group of invertebrates with an efficient high pressure circulatory sys-
tem. They have a complex nervous and endocrine cardiovascular regulation, in which, in
analogy with the vertebrates, peptidergic mechanisms are involved together with the
classical adrenergic and cholinergic mechanisms (Schipp, 1987; Agnisola et al., 1989).
The main active pump in the cephalopod circulation is the systemic heart, the highest
complexity of which is found in the Octopoda (Kling and Schipp, 1987). A peculiar
characteristic of the systemic heart of octopus is the existence of a coronary supply to the
heart, the functional significance of which has been recently stressed (Houlihan et al.,
1987; Agnisola, 1990; Agnisola et al., 1990; Agnisola and Houlihan, 1991; Agnisola and
Houlihan, 1994). Using an isolated and perfused heart preparation, we have studied the
effects on the heart rate and mechanical activity of the heart of bolus doses of adenosine
alone and in presence of dipyridamole, a blocker of adenosine uptake, or 2-chloroadeno-
sine, a stable adenosine analogue. The concentration-response curve in preparations
chronically perfused with adenosine was also determined.

In vertebrates, the main enzyme responsible of both intra- and extra-cellular adeno-
sine formation is the 5'-nucleotidase (Sparks and Bardenheuer, 1986; Imai et al., 1989).
This enzyme is also present in the systemic heart of the Octopus vulgaris (Sciurba et al.,
1985). The study was then extended to the effects of adenosine 5'-monophosphate
(AMP), as a putative extra-cellular source of adenosine in octopus.

MATERIALS AND METHODS

Animals: v

The experiments were performed at the Zoological Station "A. Dohrn" of Naples,
Italy. Specimens of both sexes of Octopus vulgaris captured in the Bay of Naples (April-
May), were maintained in circulating sea water pools (20°C) and used within seven days
of capture. The mean weight (+ S.E.) of the animals was 0.780 + 0.046 kg (N=42).

Systemic Heart Preparation:

The isolated systemic heart was prepared according to Agnisola and Houlihan
(1991). The dissection was made at 4°C. Both the auricles and the dorsal aorta were can-
nulated and the gonadial aorta was ligatured at its base. A device was inserted through
the abdominal aorta to record ventricular pressure. The heart was installed in the perfu-
sion apparatus (Agnisola and Houlihan, 1991). Static input and output pressures were
controlled by the height levels of respective reservoirs. The two auricles received aerated
perfusion fluid (sea water + 0.05% glucose, pH 8.0) at the same controlled input pres-
sure. The experiments were performed at room temperature (18-21 °C).
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Chemicals:

Adenosine, adenosine 5'-monophosphate (AMP), dipyridamole and 2-chloroadeno-
sine were purchased from Sigma Chem. Co. (St. Louis, MO, USA). Stock solutions of
the above compounds (2 mg ml-1 or 10-3 M) were prepared, and dilutions were made in
saline just before use. Other chemicals were at the highest grade available.

Experimental protocols:

[-Effects of bolus doses of adenosine, adenosine plus dipyridamole, 2-
chloroadenosine and AMP on heart rate and mechanical activity of the isolated
heart

This preliminary protocol allowed to evaluate the quality of the effects of adenosine
and related compounds. The perfusate was not recirculating. The static input pressure
and output pressure were set at 0.5 kPa and 2.5 kPa, respectively. A relatively high
prelaod was necessary because in these experiments the heart performed slightly sub-
physiologically, owing to the constrain represented by the clamp used for the mechanical
activity recording (see below). After 10 min of perfusion, single doses (0.1-0.5 pmol) of
adenosine, AMP or 2-chloroadenosine were injected, in a maximum volume of 0.4 ml, in
one of the input ways, and the effect on the mechanical activity of the heart was recorded
for 10-30 min. The effect of adenosine (0.5 umol) plus dipyridamole (10 nmol) was also
tested.

[i- Concentration-response curves for adenosine and AMP

Each heart was chronically perfused with fixed drug concentrations and acted as its
own control. The perfusate was not circulating. Two input reservoirs were used. The pre-
load was adjusted to obtain a stroke volume of 0.8 ml g-1, a value which is within the
physiological values for resting animals of the size range used (Wells and Smith, 1987).
The diastolic output pressure was set at 2 kPa higher that the preload, according to the
diastolic aortic pressure in resting animals (Wells and Smith, 1987). The tubes from the
input reservoirs were connected to the input cannulae through three-way taps, so that 10
min after the onset of perfusion with the control perfusion fluid, it was possible to shift to
a perfusate containing a fixed concentration of adenosine or AMP. Adenosine concentra-
tion ranged between 10-13 and 10-5 M, while AMP concentration ranged between 10-9
and 10-4 M. The effect on flows and ventricular pressure was recorded for at least 30
min.

Measurements and calculations: .

Mechanical activity was evaluated with an isotonic transducer (Ugo Basile Biol. Res.
Apparatus) connected to a Type 502A dual beam Oscilloscope (Tektronic Inc.) and per-
manently recorded on a 4 channel 3960 Recorder (Hewlett-Packard) for successive eval-
uations. A small clamp, connected to the isotonic lever of the transducer, was fixed to the
heart close to the basis of the abdominal aorta,

Preload and afterload were defined as the mean values of input and output pressures
respectively. They were obtained from ventricular pressure measurements made with an
Elcomatic pressure transducer coupled to a Harvard Universal Oscillograph. The pres-
sure signal was electronically differentiated to yield ventricular dP/dt. The dP/dtmax (=
the maximum rate of pressure rise in the ventricle during isovolumic period) served as an
index of contractility. Pressures are expressed in kPa.
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The heart rate was the intrinsic rhythm of the heart and was calculated from mechan-
ical or pressure records. Aortic and coronary outputs were determined volumetrically as
described by Houlihan et al. (1987). Stroke volume and coronary volume (=volume of
pefusate passing through the coronary system during each contraction cycle, Agnisola
and Houlihan, 1991) were determined from the following relationships: stroke volume
(ml g-1) = aortic output (ml min-1 g-1) / heart rate (beats min-1); coronary volume (ml
g-1) = coronary output (ml min-1 g-1) / heart rate (ml min-1).

The coronary resistance (GPa s m-3, G=109) was determined as = mean ventricular
pressure (kPa) x 60/ coronary output (ml min 1) (Agnisola and Houlihan, 1991). Mean
ventricular pressure was calculated by integration of pressure records.

Stroke work was calculated as (mJ g-1): (afterload - preload) (kPa) “ (stroke volume
+ coronary volume) (ml)/weight of the ventricle (g). The power output (mW g-1) of the
heart was calculated as: (afterload - preload) (kPa) ~ cardiac output (ml min 1)/(60 ~
weight of the ventricle), where cardiac output was equal to aortic output plus coronary
flow. '

" Test to control ratios were used to evaluate the effects of adenosine and AMP in the
concentration-response curve determinations. The standard errors for the percent varia-
tions were calculated from the errors of the baseline and test values of the corresponding
parameters. Student's t test was used to compare means (5% level of confidence). In fig-
ures, data are reported as percent change.

RESULTS

Qualitative effects of Adenosine and related compounds:

Figure 1 reports the effects of the highest bolus dose used (0.5 umol) of adenosine,
AMP or 2-chloroadenosine on mechanical activity and heart rate of the octopus isolated
and perfused systemic heart. These experiments gave preliminary information on the
response of the heart to adenosine and related compounds. Adenosine and AMP dis-
played similar effects, which were dose-dependent (data not shown). The minimal dose
which elicited a response was 0.2 mmol. The data reported in figure 1 indicate that the
inotropic and chronotropic effects induced by the two substances following a bolus treat-
ment have different time-dependency. Just after the injection a positive inotropic effect
was observed (Fig. 1A), followed by a negative inotropic effect. The latter was coinci-
dent with a maximum in the chronotropic effect, as indicated in figure 1b, were the peack
to peack intervals as a function of time from the bolus injection is reported: a maximum
chronotropic effect after | min was observed. Both chronotropic and inotropic effects
disappeared within 4 min, and the control performance was recovered. Interestingly, the
blocker of adenosine uptake, dipyridamole (up to 6°10-9 mol), did not interfere with the
action of adenosine (Fig. 1A).

The effects of 2-chloroadenosine (up to 0.5 mmol) were similar to those of adeno-
sine. However, the positive chronotropic effect was lasting for a much longer time (more
than 20 min) (Fig. 1B).

Concentration-response curves of Adenosine and Amp.:
Table 1 reports the mean values of control performance parameters of the perfused
isolated systemic heart preparations used for the determination of the concentration-
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Fig. 1. A) Effect of of adenosine (0.6 pmol), AMP (0.5 pmol) and 2-chloroadenosine
(0.5 pmol) on the mechanograms of the isolated and perfused systemic heart of
Octopus vulgaris. The effect of dipyridamole (10 nmol) on the adenosine action is
also reported. B) heart period of the isolated and perfused octopus heart as a func-
tion of time after bolus injection of adenosine (@), AMP (@), or 2-chloroadeno-
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Fig. 2. Performance of the isolated systemic heart of Octopus vulgaris as a function of
adenosine concentration in the perfusate. Percent changes of heart rate, cardiac
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tance are reported as a function of the drug concentration. Data are means (+ S.E.)
of 6 experiments.
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response curves of adenosine and AMP. These values are comparable with those previ-
ously reported for similar preparations (Foti et al., 1985; Houlihan er al., 1987; Agnisola
et al., 1989, Agnisola et al., 1994).

Table 1. Control performance parameters (mean + SE) of the isolated systemic heart of
octopus perfused with adenosine or AMP.

Number of Preload Afterload Heart rate Aortic Coronary Coronary

animals kPa kPa beats min-1 output flow resistance

ml min' g!'  ml min'! g* GPasm?
Adenosirie 16 0.15£0.02 2.56+0.04 23x1 16.63+0.85  3.32+0.37 15.12+3.07
AMP 22 0.15£0-02 2.66+0.05 2242 16.18+0.98  3.58x0.32 12.92+1.63

As shown in Fig. 2, adenosine had a powerful chronotropic effect, with a threshold
concentration at 10-7 M. Cardiac output did not change significantly over-the concentra-
tion range used, so that the chronotropic effect was accompanied by a reduction of stroke
volume, which was significant at concentrations higher than 10-7 M. This result may
indicate an inverse relationship between heart rate and stroke volume rather than a nega-
tive inotropic effect and was in accord with the results reported in fig. 1a.

* Coronary flow was reduced by concentrations lower than 10 7 M. A significant 32%
reduction was observed at 10-7 M. At higher concentrations this negative effect was
compensated by an heart rate increase, so that the coronary flow came back to contro]
values. The negative effect on coronary flow was accompanied by an increase in coro-
nary resistance, which, however, was significant at concentrations higher than 10-7 M
only. As Pmax and ventricular dP/dtmax did not change significantly (data not shown),
the resistance increase must be accompanied by an increase in the mean ventricular pres-
sure. This implies a change in the shape of the ventricular pressure wave. Fig. 3 shows
the effect of increasing concentrations of adenosine (b and ¢, compared with the control,
a) on the duration of the intraventricular pressure wave: a higher duration of pressure
wave was observed, with a delay in the relaxation (as attested by the delay in the maxi-
mum negative dP/dt). ‘ )

The concentration-response curves of AMP were similar to those of adenosine (Fig.
4). However there were many quantitative differences. All the effects occurred at lower
concentrations. The chronotropic effect was about 25% lower and its threshold was at 10
13 M. There was no significant effect on the stroke volume, so that cardiac output was
significantly increased at 10-5 M. The effect of AMP on the coronary resistance was
about 20% higher than that of adenosine.

DISCUSSION

Adenosine elicited on the octopus systemic heart both positive chronotropic and
inotropic effects. This is opposite to what is known to occur in mammals, and further
stresses the highly species-related specificity of the physiological role of this substance
in mollusca, as suggested by Knight et al. (1992). Very little can be said on the mecha-
nisms of the chronotropic effect of adenosine in octopus. The systemic heart is known to
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be myogenic, and there are indications of the existence of nodal areas at the atrio-ventric-
ular junction (Agnisola, 1994), but the electrophysiological basis of its automatism is not
known. Both the bolus injection experiments and the concentration-response curves
indicate the existence of a complex interaction between the inotropic and chronotropic
effects. In general, it appears that the inotropic effects are hidden by the chronotropic
ones, owing to a negative force-frequency relationship, previously demonstrated to occur
in the octopus heart (Agnisola et al., 1994). This interpretation is also in agreement with
the higher negative effect on stroke volume and in particular on coronary stroke volume
induced by adenosine, whose chronotropic effects were higher than those induced by
AMP.

The lack of effects of the adenosine transport inhibitor dipyridamole (Marangos et
al., 1985) on the adenosine action in the bolus injections experiments indicated that
adenosine acted extracellularly, probably via membrane specific receptors, as it is well
known to occur in vertebrates (Burnstock, 1981). This was confirmed by the fact that
effects similar to those of adenosine were elicited by 2-chloroadenosine, an adenosine
analogue which is a weak substrate for adenosine uptake and/or degradative processes
(Muller and Paton, 1979).

The adenosine precursor AMP was also able to elicit effects similar to those of
adenosine. Concerning the mechanism of AMP effects, there are two possibilities: (i)
AMP may act on specific receptors, or (ii) it may be converted to adenosine by the 5’-
nucleotidase, an ecto-enzyme known to be present in the octopus heart (Sciurba et al.,
1985). In mammals, inhibition of this enzyme induces an increase in the extracellular
AMP and a reduction in.the adenosine levels, suggesting a main role of AMP as extra-
cellular source of adenosine (Imai et al., 1989). The lower threshold of AMP effects with
respect to adenosine, may suggest the involvement of purinergic receptors with a rela-
tively low specificity for adenosine, or, alternatively, a strict interaction between 5’-
nucleotidase and the adenosine receptor. This enzyme is thought to be closely associated
with the nucleoside carriers in the mammalian heart (as adenosine formed from infused
AMP is more rapidly transported than infused adenosine itself, Sparks and Bardenheuer,
1986), while a preferential activation of adenosine excitatory receptors A2 by adenosine
originating from catabolism of released adenine nucleotides has been reported in hyp-
pocampal and neuromuscolar synapses in rat (Cunha et al., 1996).

An interesting result of the present study is the increased coronary perfusion in pres-
ence of AMP, despite the increased coronary resistance. In the octopus heart a peculiar
organization of the coronary circulation has been described (Agnisola, 1990), with the
coronary flow driven by the intraventricular pressure through the besian-like vessels that
connect directly the intraventricular chamber and the coronary capillaries, which in turn
drain into epicardial veins. Owing to this organization, any increase in contractile force
or heart rate will result in an increase in resistance to the coronary flow, which can be
compensated (as is the case with adenosine perfusion), or overcome (as is the case with
AMP) by the consequent increase in intraventricular pressure. In definitive, despite the
opposite effects on the heart with respect to mammals, andenylic compounds may help to.
increase coronary perfusion and oxygen supply to the heart, as in the mammalian heart.
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