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lowed with suction electrode, sucrose gap, or microelectrode
recording'®. The resting potential of gastropod ventricular
muscle fibers has been determined by microelectrode me-
thods to be 65.6 + 7.0 mV for Dolabella auricularia® and
61.2 + 3.5 mV for Lymnaea stagnalis®, which is very close to
resting potential values determined by the sucrose gap me-
thod!®. Recently, Brezden et al.® have also demonstrated that
the membranes of gastropod myocardial cells provide an
opportunity for gigohm-seal patch-clamp recording, after
enzymatic isolation of ventricular muscle cells. Using this
technique, a stretch-activated K* channel has been dis-
covered in dispersed ventricular muscle cells of Lymnaea
stagnalis®. Since the proteolytic enzymes used in dissocia-
tion may affect the electrophysiological activity of tissues’ it
was hoped that the lack of an external Jamina might indicate
that the Busycon preparation (figs 1-3) would be suitable for
patch-clamp recording without dissociation. In fact, gigohm
seals and channel recordings can be obtained from trabecu-
lae in a ventricular preparation washed only with seawater
(personal communication, Colin Leech) but the abundant
fibers and blood cells, seen adhering to the muscle fibers (figs
1-3), seem to make it difficult to obtain good seals or large
currents (fig. 4).
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Summary. Different molluscan groups have evolved functionally specialised cardiovascular systems in response to varied
behavioural and environmental demands, making the study of cardiovascular regulation in these animals a fascinating area
for research. Currently, such research is frustrated by the lack of data on the in vivo performance of these systems, although,
where examined, increased cardiac output appears to be accommodated by a change in stroke volume. This paper considers
the in vivo regulation of cardiac output, primarily by extrapolating from in vivo experiments, and proposes the following
three hypotheses for future study.

1. The increase in stroke volume is critically dependent on the phasic action of acetylcholine, expanding the end-diastolic
volume of the ventricle for the same returning venous pressure.

2. Circulating cardioactive peptides will set the level of myocardial tone on a sliding scale, against which the action of both
intrinsic and extrinsic factors are expressed.
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3. In extreme cases, the inherent myogenicity of the heart may depend on the level of a circulating peptide. Here, the organ
might be better described as humourogenic, rather than myogenic.
Key words. Mollusca; cardiac output; cardiac regulation; 5-HT; ACh; FMRFamide.

Introduction

The Molluscs span a remarkable range of morphologies,
habitats and life styles, showing many specialisations in the
cardiovascular systems but retaining indisputable common
elements, as might be expected from a monophyletic group.
A unique opportunity exists, therefore, to study the devel-
opment of cardiac organs and vascular systems in relation to
the wide range of functional demands which occur in this
phylum. Control of the hearts, within widely different circu-
latory systems, is thus an interesting question, both from the
comparative organisation and in terms of performance at the
species level. Yet, despite the popularity of this group for
cardiac studies, particularly pharmacological assays®, we
are still largely ignorant about the intrinsic and extrinsic
control of cardiac output, and virtually nothing is known
about how these mechanisms might be integrated to mo-
dulate cardiac performance.

A major problem is our ignorance of what parameters are
regulated in vivo. This is the first question addressed in this
paper. The next point to be considered is how cardiac output
is modulated, by intrinsic and extrinsic factors, in the iso-
lated heart, and then how these factors might be expressed in
the whole animal. An unavoidable problem is that the con-
clusions not only have to be extrapolated from in vitro to in
vivo experiments, and vice versa, but also from species to
species. Gross generalisations are, therefore, inevitable in
our present state of knowledge.

Scope of cardiac performance during exercise

The lack of data on how cardiac output (output = stroke
volume x heart rate) is varied in vivo is perhaps not surpris-
ing as exercise, the most obvious behaviour where output
might be expected to change, is hard to quantify in many
molluscs. Progress is being made with some molluscs, such as
Aplysia (see Koch, this issue) but the only case where there is
anything approaching a comprehensive story, is for the ceph-
alopod Octopus vulgaris; partly because this animal can be
easily interpreted in vertebrate terms.

What questions should we ask when examining in vivo car-
diac performance during exercise? First we must make the
assumption that the blood, circulated by the heart, is re-
quired to deliver more oxygen to the tissues. This is not a
straightforward assumption for many molluscs, and caution
should be exercised in using what Greenberg calls an ‘oxy-
centric’ approach”*, However, this assumption can be
made, with reasonable confidence, for the highly active and
vertebrate-like octopus®.

Increased oxygen delivery to the tissues can be achieved by
one of two methods: more oxygen can be extracted from the
blood per circuit or more blood can be delivered to the active
tissues in the same time. The mammalian strategy involves a
combination of both methods: more oxygen is extracted
from the blood, thus decreasing the venous reserve, as heart
rate increases by as much as 130%. Limited increases in
stroke volume (between 15 and 20%) result from a reduction
in the end-systolic volume (data from Mountcastle?).
Limitations, imposed by mollusc design, force the octopus to
solve the problem of increasing tissue oxygen delivery in a
quite different manner. Even at rest , the venous O, reserve is
restricted to 16% , with no significant change during exer-
cise'?. The arterial PO, may even decrease during short peri-
ods of exercise® (Erratum note: The minute scale in fig. 4 of
reference 40 is an order of magnitude too large). Another
remarkable difference is that the heart rate increases by only
about 15%-20% over the resting level*’. As Wells et al.”

suggested, the three-fold increase in oxygen consumption
during exercise can only be accommodated by increasing the
stroke volume, in the order of 2-2.4 times. This has now been
confirmed by both indirect Fick determination and with flow
probes!'>4.

The difference between the mammalian strategy and that of
the octopus can be illustrated by the ventricular work loops
(fig. 1a and b), in particular, by the increased area for the
active loop in the octopus (relating directly to the stroke
volume change) and the large increase in the peripheral
resistance (reflected by the pressure of ejection). A rise in the
peripheral resistance is a consequence of the hydrostatic skel-
eton, which is common to all molluscs; in a mammal, periph-
eral resistance drops slightly during exercise.

In the octopus, therefore, the parameter of cardiac perform-
ance which changes most during exercise, is stroke volume.
However, it is appropriate to question whether the octopus is
typical of other molluscs. Again the lack of data frustrates
comparison, although in one case (the valve snapping behav-
iour of the scallop) the work of Thompson, Livingston and
de Zwaan® supports such a conclusion. They show, not only
that ventricular volume can change by three-fold, but that
this is achieved by an increase in the end-diastolic volume.
This was assumed, for mechanical reasons, in drawing out
the octopod work loop (fig. 1) by displacing the active loop to
the right of the resting loop, rather than to the left as in the
mammal.

Cardiac performance and its regulation in vitro

Stroke volume regulation is more easily examined in vitro,
but the first problem is to find a suitable system for such a
study. The octopus, although a fascinating and useful animal
for in vivo work, has clear problems in vitro. The ventricle,
when isolated and perfused, obeys Starling’s Law and can
remain active for up to two days*** but unfortunately, it
fails, by an order of magnitude, to produce ventricular power
values equivalent to the in vivo levels*®. This applies even
when cannulated in a more complex fashion®. The reason for
this failure may lie in the complexity of the cardiac structure.
The ventricle has a thick, nontrabecular myocardium, well
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vascularised by its own coronary supply, with specialised
areas of innervation and, probably, discrete nodal areas for
beat generation™. It is probable that localised sites for beat
generation exist in many molluscs at the atrial-ventricular

a
1.6
. L TIRS
) _g_ v TSW
a 1.2 5x 10 \/T' Py
0 r e /O
- Z 4 <
2y L
5 = gv“ .
= 3 ayd s —0
O O J 10
> ¢ o.8L 2t d
o ¢ e o
5 9 -8
5 '/
0y
2 ol e
E
1 1 1 J
0 2 4 6 8

Preload (cmHZO)

Figure 3. Relationships between preload, 5-hydroxytryptamine (5-HT)
concentration and ventricular stroke volume (@) and heart rate (b) for the
gastropod Busycon canaliculatum. 5-HT has a limited effect on both
parameters, particularly at in vivo pressure levels (24 cm H,0). 5-HT
concentrations are: zero, @; 1070, m; 5% 107°, A; 1078, ¥;5x 1078,

Experientia 43 (1987), Birkhiduser Verlag, CH-4010 Basel/Switzerland

Reviews

- -
o ] o
T T 1

Heart Rate (beats.min | )
=
T

2 4 6 8 10
Preload (cmHZO)

highest afterload setting. Preload levels start at the upper end of the range
and are reduced. Open symbols are for the performance when the preload
is returned to its original setting (after Smith3®).

junction?! (see also Kuwasawa this issue). Thus to get the
octopod heart to preform adequately in vitro the same care
should be taken as for a vertebrate heart with a compact
myocardium. Therefore, to understand the intrinsic charac-
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4; 1077 M, <. The afterload is held at 8 cm H,O in all these experiments.
Overlapping mean values (n = 5) are displaced to one side. Single stan-
dard errors are shown on one side of the control means and as in figure 2,
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teristics of a molluscan myocardium it is better to start with
the simpler hearts of lower molluscs. The gastropod heart is
suitable for such a study; the genus Busycon offering advan-
tages of size, availability, a reliable in vitro preparation® and
a cc;nzgiderable literature on several aspects of cardiac biol-
ogy”

Intrinsic properties of the myocardium

When Patterson and Starling® examined the intrinsic prop-
erties of the dog heart, they concluded that returning venous
flow and pressure could be instrumental in regulating the
cardiac output, via stroke volume changes. This view, which
is no longer applicable for mammalian hearts (due to the
small in vivo changes of stroke volume), remains perfectly
valid for the molluscan heart. Indeed, Skramlik* placed con-
siderable emphasis on the role of pressure waves in controll-
ing the contraction sequence of molluscan ‘cardiovascular
organs. Using the isolated systemic heart of the prosobranch
gastropod, Busycon canaliculatum, the response of the heart
to simple physical changes in the perfusion conditions can be
examined and, by extrapolation, related to changes in the
dynamic characteristics of venous blood, in vivo.

Both stroke volume and the heart rate in Busycon are af-
fected by changes in the preload level (input perfusion pres-
sure to the isolated heart), but are largely independent of the
afterload values (output back pressure) over the pressure
range expected in vivo (fig.2 a and b). (A marine proso-
branch gastropod might be expected to have an atrial pres-
sure of between 1 and 4 cmH,0, with aortic diastolic pres-
sures in the region of 6 cm H,O"'). The heart of Busycon
conforms to Starling’s Law, as do the ventricles of: the ceph-
alopods, Eledone® and Octopus*; the gastropod Aplysia**;
and the bivalve Mercenaria®. Heart rate is insensitive to
preload changes above 5cm H,0, but is maximally respon-
sive over the in vivo range (fig. 2b).

What is clear from figure 2, is that significant changes in the
stroke volume of a Busycon ventricle could only be achieved
by fairly dramatic changes, in molluscan terms, of venous
return pressure. Given that all molluscs, with the exception
of the cephalopods, have what is loosely termed an open
cardiovascular system (see Jones! for a criticism of this
point), and even the cephalopods have very low venous and
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atrial pressures*®’!, a mechanism of control relying on
changes in the returning venous pressure, seems inherently
unlikely. Therefore, to progress further in determining what
might regulate cardiac output, the action of extrinsic factors
on the heart should be considered.

Extrinsic control of cardiac output in vitro

Control of ventricular performance in the molluscs could,
theoretically, be affected by a vast array of cardioactive sub-
stances, ranging from common neurotransmitters to circu-
lating peptides (for a review see Jones!'®). Numerous studies
have examined the action of cardioactive substances on the
molluscan heart, but seldom in a way that can be related to
the whole heart or the effect on output in vivo. In the next
section, the results of testing the action of three substances,
5-hydroxytryptamine, acetyicholine and the tetrapeptide
(PHE-MET-ARG-PHE-NH2) FMRFamide, on the per-
fused isolated heart of Busycon canaliculatum are dis-
cussed*#2, The experiments were designed so that the results
could be equated with in vivo performance.

1. 5-hydroxytryptamine (5-HT). S-HT can act as an excita-
tory neurotransmitter in the molluscan myocardium, al-
though, like numerous other cardioactive substances, its ac-
tion can be species dependent®. In some cases 5-HT can be
inhibitory. When this drug is perfused through the isolated
Busycon heart it has no effect on stroke volume, throughout
the concentration range used (1071°-107% M: fig. 3a). Heart
rate is dose dependent, showing a clear acceleration with
5-HT perfusion at preload levels of between 6 and 8 cm H,0O
(fig. 3b). However, at the lower in vivo operating pressures
(2—4 ¢cm H,0), heart rate is also insensitive to increased con-
centrations of this drug. On the basis of these results, it would
appear that in vivo, 5-HT should have only a very limited
effect on cardiac output.

Despite an apparent lack of effect on output per se, 5-HT
does affect the manner in which the perfusate is ejected from
the heart: the amplitude of the aortic pressure pulse rises
dramatically, but the duration is greatly reduced (fig.4). In
other words, the blood is being ejected by the heart at a
higher flow rate and pressure, in such a way that the volume
ejected remains constant, while both the end-systolic and
diastolic volumes are reduced. If we return to the original
question, and are grossly simplistic in our outlook, then
clearly 5-HT is not a compound which, on its own, could
regulate cardiac output by an action on the stroke volume.
What then could be the in vivo action of 5-HT? One of the
inevitable consequences of movement in the molluscs is the
increase in peripheral resistance (as shown in fig. 1 for the
octopus). Under these conditions, an increase in blood pres-
sure would seem essential if blood is to reach the exchange
vessels. There may be little need for increased O, delivery in
some of the less active species, or during behaviour such as
withdrawal into the shell, where peripheral resistance would
be expected to increase. Output might, therefore, remain
constant. However, no matter what cardiac response is con-
sidered, it is unlikely that any transmitter will act alone in
Vivo.

2. Acetylcholine (ACh). ACh is frequently antagonistic to
5-HT in the molluscan heart. On the isolated Busycon heart,
it acts to reduce both the stroke volume and the heart rate
(fig. 5a and b), as well as increasing the duration and reduc-
ing the amplitude of the aortic pressure pulse (fig. 5¢ and d).
Less perfusate is being ejected at a lower pressure. The meth-
od used in these experiments was different from that used in
the 5-HT studies. For ACh, the hearts were perfused at a
constant pressure (Preload = 4 cm H,0; Afterload = 6 cm
H,0) and returned to seawater perfusion between each drug
concentration. This not only controlled for any deterioration
of the preparations during the assay, but also revealed an
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Figure 5a—d. The response of four parameters of Busycon cardiac per-
formance to increasing concentrations of acetylcholine (ACh: O) at pre-
set perfusion pressures (preload and afterload are 4 and 6 emH,O respec-
tively). The performance during a 10-min washout period, between ACh

after-effect for ACh on heart rate, pressure pulse amplitude
and possibly stroke volume™.

ACh is known to affect the configuration of the cardiac
muscle action potential®'** shortening the duration of the
sodium dependent plateau phase!™* as well as reducing the
force of contraction®*. Suction electrode recordings of the
myogram from the beating, isolated heart, during perfusion
with ACh, contradict these results (fig. 6a), although such
recordings are usually considered to be an accurate repre-
sentation of the cardiac action potential’®. In the study re-
ported here, the plateau increases in duration while the out-
put, and pressure pulse amplitude, decrease. The action of
5-HT, on the myogram recorded from the isolated and per-
fused Busycon heart, also contradicts previously published
results. Here, the amplitude of the pressure pulse increases
while the duration of the plateau phase decreases *'. Tt is
normally supposed that the action potential duration relates
directly to the force of contraction!®?”, The reason for these
differences is not clear: it may simply lie in the variant defini-
tions of force, but another possible explanation is the experi-
mental design. Internal stretch on the myocardium can affect
the configuration of the action potential in Busycon, and, in

concentrations, is also shown (®). Standard errors are shown on one side
of the mean values. (In @ and b, n = 6; in c and d, n = 9: after Smith and
Hill*?).

Mercenaria, can even convert the simple form recorded by
the sucrose gap technique? into a complex spike and pla-
teau”’. Experiments on the isolated heart, with drug perfu-
sion, represent an interaction of regulatory mechanisms,
which in the case of 5-HT can clearly affect how we assess the
action of a cardioactive substance.

A likely feature of any system that can regulate stroke vol-
ume by three times the resting level, at low vascular pres-
sures, will be the alteration of myocardial tone, so as to
increase the cardiac volume for the same returning venous
pressure. ACh has this effect on the Busycon heart (fig. 5b).
However, stroke volume does not increase, as the end-systo-
lic volume also goes up with ACh concentration. Again, as
with 5-HT, ACh alone cannot increase stroke volume, but it
is now apparent that an interaction between these two trans-
mitters might produce such a response from the heart.

3. FM RFamide. The tetrapeptide, FMRFamide, frequently
mimics the action of 5-HT on the molluscan heart, but is not
inhibited by the serotinergic antagonist methysergide!®% !
(see also Kobayashi in this issue). Certainly, at lower concen-
trations, its effect on the isolated heart of Busycon is similar
to 5-HT, acting in the opposite manner to ACh. At concen-
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a Controls in seawater ACh (Molar) trations below 1077M, pressure pulse amplitude increases
10 while the duration declines, heart rate is accelerated but
) i stroke volume remains unchanged (fig.7). The myogram
4 mv[ [ \/W\f\ / V\/VNf form changes as with 5-HT perfusion, the amplitude in-
creases, the duratior% shortens (fig.8). However, above the
i concentration of 107 M, there is a change in the response to

2 cmH,0 [ J\“(\J\#M JW \J \H‘ FMRFamide. Now, both rate and strok% volume decline.
-~ Biphasic responses of molluscan hearts (where increasing
concentrations of cardioregulatory substance cause first in-

~ hibition or excitation, then reverse) have been noted before?.

[\N\m W At first sight such an interpretation of the data in figure 7

‘ ~ mightseem reasonable. However, the electrical activity of the

W M\J heart during perfusion with increased concentrations of

b FMRFamide, indicates that we are not seeing inhibition as
described for ACh. FMRFamide, at concentrations above
1077 M, causes extreme excitation, extending the time course
of the plateau phase of the action potential so that the heart
does not relax (fig.8a). The rate thus declines. This com-
pound also reduces the end-diastolic volume (fig. 8b), so that

stroke volume declines and the heart simply expels its entire
content in the initial contraction.
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panies a stereotyped behaviour, during which fresh seawater
flows over the gills. Simultaneously, the gills contract, pump-
ing an increased volume of oxygenated blood to the heart,
which is then in a relaxed state.

The action of FMRFamide, in vivo, is both confusing, as the
target organ is not known, and fascinating, for its regulatory
potential. Both FMR Famide and the FM R Famide-like pep-
tides, such as pQDPFLRFamide, are present in molluscan
blood at concentrations of at least 10~ M2 %2 Further, Price
et al.* show that levels are variable between individuals. The
obvious possibility exists, therefore, that these compounds
could have a continuous effect on the myocardium, setting a
variable tone against which other cardioregulatory factors
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Figure 8. The effect of two concentrations of FMRFamide on the Busy-
con ventricular myogram and aortic pressure pulse (a) as well as its effect
on the ventricular volume at preset and unaltered perfusion pressure
levels (b after Smith and Hill*?).

influence cardiac performance. Regulation of stroke volume
could be achieved, in vivo, by the phasic action of the choli-
nergic innervation at the end of systole, allowing a larger
ventricular volume for the same returning venous pressure.
A subsequent increase in the volume discharged, could be
mediated elther by rebound effect, as seen in the study re-
ported here, or by aminergic activity at the onset of systole.
In support of this hypothesis, cholinergic regulation of the
ventricular relaxation state is already suggested by results
from the opisthobranch Aplysia. Koester et al.”® noted that a
pattern of cholinergic neuronal discharge to the heart accom-
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Figure 9. The heart rate response of the isolated systemic heart of Aplysia
dactylomela at different preload levels. The afterload was zero (Smith, in
prep.). The preparations ate either perfused with a solution of 1077 M

Aplvsia and a humourgenic heart?

Aplysia is perhaps the best studied of the molluscan genera
with respect to the neural control of cardiac activity®, and
these studies are now being linked to behaviour and cardiac
performance in vivo'®!? (see also Koch this issue). It is an
obvious animal for a study of the in vitro ventricular energe-
tics and modulation, as already reported for Busycon. How-
ever, there are problems with the isolated heart preparation.
Both Hill® and Straub* * noted that the hearts of aplysiids
can often be quiescent in isolation and Straub used the
animals own blood to retain activity in the organ; a not
uncommon solution to inactivity in molluscan heart prepa-
rations. The heart of Aplysia is difficult to maintain in vitro
using techniques which work well for other gastropods,
bivalves, and cephalopods. On isolation and perfusion with
filtered seawater, some hearts are inactive although most
preparations will beat for 60-90 min®. After arrest such
preparations are not dead, for perfusion with either FMRF-
amide or 5-HT initiates sustained activity long enough to
allow the effects of preload changes to be examined (fig. 9a).
5-HT stabilises the heart rate over a range of perfusion pres-
sures, where-as FMRFamide allows it to vary. The latter
type of response was seen in the two cases where spontaneous
activity, in seawater alone, remained long enough for a simi-
lar experiment (fig. 9b).

b
- 40 _
€ Seawater
E
n 301
1]
[}]
el
Q Fa¥
4‘; 20 | //‘/‘\—:
o -y
t A
1]
T
10 L.
i ] 1 1 1 L i |
0 2 4 8

Preload (cmHZO)

FMRFamide or 5-HT (a: n =5, standard errors plotted on one side of
the mean values) or with filtered seawater (b).



Reviews

a
e 50 ~10
'-O-\ @
| n
c
£ uof —8:%
2 5.
830" _5m
) )
2 &3
[
z 20} —ugg
: H
L 101 128«
Q i
T o
L Lt 1 L L ! OZ
0 1/101/4  1/2 3/4 1
Blood Concentration
c

Perfusion with seawater

_//b\\__.//

Perfusion with 5-HT (10_7 Molar)

JANUANIAN

1 sec

Figure 10. @ The effect on the isolated systemic heart of Aplysia dactylo-
mela of a 2-min perfusion with dilutions of its own blood. Measurements
were made 10 min after the introduction of the blood mixture. Values are
means from 4 preparations with standard errors plotted. # The effect of

The question is, why do the isolated hearts not keep contract-
ing when perfused with seawater? If the animal’s biood is
introduced into the perfusion system, in a 2-min pulse, the
performance is clearly enhanced (fig. 10a); an effect that can
last for more than 20 min, even at a dilution of 25%. The
dose dependence of the response to blood and the effect at
low dilutions on the heart, suggests that this effect may not
simply be ionic or osmotic, but result from the presence of an
active component, such as an endogenous peptide. FMRFa-
mide is, infact, present in the circulatory system of Aplysia®

Further evidence in support of a hypothesis that the heart of
Aplysia dactylomela may be dependent upon a circulating
factor for normal rhythmicity, comes from the myogram
recorded from the beating heart. Here, there is an anomaly in
the literature. Hill and Yantorno!! reported that using an
identical sucrose gap technique, the cardiac muscle of Dola-
bella auricularia has a normal spike and plateau action po-
tential whereas that of the aplysiid, 4. californica, has only a
simple, fast form. The two genera are closely related, yet such
a result implies fundamental changes in the cardiac muscle
cellmembrane. These differences could be artefactual, result-
ing from the abnormal stretch imposed on the myocardium
by the technique (as discussed above for Mercenaria). How-
ever, when internally perfused and spontaneously beating in
seawater, the Aplysia heart still shows only a simple myo-
gram record (fig. 10b, ¢ and d). Perfusion, with either the
animals own blood or 5-HT, converts the myogram to the
complex type (fig. 10b and c). Perfusion with FMRFamide
also produces a complex waveform, but the case for the
generation of the expected molluscan cardiac myogram is
not so clear with this compound. What appears to be a spike
phase is abnormally slow (fig. 10d).

The hypothesis that the heart of A. dactylomela is dependent
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S5-hydroxytryptamine. d As in & but for perfusion with FMRFamide.

on the presence of an exogenous factor, such as a circulating
cardioactive substance, for normal rhythmicity, can only be
tentative. However, the presence of peptides in the circula-
tory system at reasonable concentrations®? would seem to
make it inevitable that these compounds have a constant
action on the heart. Welsh® proposed that neurohumours
might act as long-range, long-duration mimics of some neu-
rotransmitters. Although no longer considered mimetic,
Greenberg and Price® reiterate that the peptides might gener-
ally regulate the level of visceral muscle excitability. Here
might lie an additional reason for the poor energetic per-
formance of the octopod heart. The action of a humour
might differ in effect depending on the species, overlying, to a
variable degree, the inherent myogenicity. In extreme cases,
the term humourogenic might be deserved for some mollus-
can hearts.

The origin of cardiac rhythmicity is normally divided into
two simple categories: myogenic (typical of vertebrates, tuni-
cates and molluscs), where activity is based on the inherent
rhythmicity of the muscle or neurogenic (as in the Crusta-
cea), where the nervous system regulates the contraction di-
rectly. The above considerations suggest that the myogenic-
ity in molluscs is modulated by the level of a circulating
hormone or hormones. Other hearts can have their perform-
ance modulated by circulating cardioactive substances, such
as adrenaline in mammals, catecholamines in the teleost® and
peptides in the insect Manduca46 Perhaps, many myogenic
hearts are subject to a tonic modulation of contractility by
circulating cardioactive substances.

Acknowledgments. Much of the author’s recent work discussed in this
paper, both published and unpublished, was funded by the Royal Society
(London), NSF grant no. PCM 8309809 (to R.B. Hill) and a Samuel



964

Experientia 43 (1987), Birkhduser Verlag, CH-4010 Basel/Switzerland

Riker Fellowship from the Bermuda Biological Station. The author
would like to thank all these sources, and the CPPS, for support. This is
communication number 1106 of the BBS.

1

10

11

12

13

14

15

16

18

19

20

21

22

23

24

25

26

Bourne, G.B., and Redmond, J.R., Hemodynamics of the pink
abalone Haliotus corrugata (Mollusca, Gastropoda) 1. Pressure rela-
tions and pressure gradients in the intact animal. J. exp. Zool. 200
(1977) 9-16.

Devlin, C. L., The effect of three calcium antagonists on the mollu-
scan cardioactive substances FMRFamide and 5-hydroxtryptamine.
M.Sc. Thesis, University of Rhode Island, USA 1985.

Ellington, W.R., Cardiac energy metabolism in relation to work
demand and habitat in bivalve and gastropod mollucs, in: Circula-
tion, Respiration and Metabolism, pp. 356-366. Ed. R. Gilles.
Springer-Verlag, Berlin, Heidelberg 1985.

Foti, L. Genoino, I.T., and Agnisola, G., In vitro cardiac perform-
ance in Octopus vulgaris (Lam). Comp. Biochem. Physiol. 82C (1985)
483-488.

Farrell, T., Cardiovascular and hemodynamic energetics of fishes.
In: Circulation, Respiration and Metabolism, pp. 377-385. Ed. R.
Gilles. Springer-Verlag, Berlin, Heidelberg 1985.

Getting, P.A., Neural control of behaviour in gastropods, in: The
Mollusca, vol. 8 (1), pp. 269-334. Ed. A.O.D. Willows. Academic
Press, New York, London, 1985.

Greenberg, M.J., Ex Bouillabaisse Lux: The charm of comparative
physiology and biochemistry. Am. Zool. 25 (1985) 737-749.
Greenberg, M. J., and Price, D. A., FMRFamide, a cardioexcitatory
neuropeptide in molluscs: An agent in search of a mission. Am. Zool.
19 (1979) 163-174.

Hill, R. B., Effects of 5-hydroxytryptamine on action potentials and
on contractile force in the ventricle of Dolabella auricularia. J. exp.
Biol. 67 (1974) 529--539.

Hill, R.B., and Irisawa, H., The immediate effect of changed perfu-
sion pressure and subsequent adaption in the isolated ventricle of the
marine gastropod Rapana thomasiana {(Prosobranchia). Life Sci. 6
(1967) 1691--1696.

Hill, R.B., and Yantorno, R. E., Inotropism and contracture in aply-
siid ventricles as related to the action of neurohumors on the resting
and action potentials of molluscan hearts. Am. Zool. 19 (1979)
145-162.

Houlihan, D.F., Duthie, G.G., Smith, P.J.S., Wells, M.J., and
Wells, J., Ventilation and circulation during exercise in Octopus
vulgaris. J. Comp. Physiol. 156 (1985) 683-689.

Irisawa, H., Kobayashi, M., and Matsubayashi, T., Action poten-
tials of oyster myocardium. Jap. J. Physiol. 17 (1961a) 162-168.
Jones, H.D., Hydrostatic pressures within the heart and pericardium
of Patella vulgata L. Comp. Biochem. Physiol. 34 (1970) 263-272.
Jones, H. D., The circulatory systems of gastropods and bivalves, in:
The Mollusca, vol. 15 (2), pp.189-238. Eds A.S.M. Saleuddin and
K. M. Wilbur. Academic Press, New York/London 1983.
Kawakami, and Kobayashi, M., Pharmacological approach to the
analysis of regulation of molluscan heart activity. Zool. Sci. / (1984)
389 397

Kiss, T., and S. Rozsa, K., Site of action of 5-hydroxytryptamine on
the membrane of heart muscle cells of Helix pomatia L. Ann. Biol.
Tihany. 42 (1975) 61-72.

Koch, U.T., and Koester, J., Time sharing of heart power: Cardio-
vascular adaptions to food-arousal in Aplysia. J. comp. Physiol. 149
(1982) 3142. ‘

Koch, U.T., Koester, J., and Weiss, K. R., Neuronal mediation of
cardiovascular cffects of food arousal in Aplysia. J. Neurophysiol. 57
(1984) 126-135.

Koester, J., Mayeri, E., Liebeswar, G., and Kandel, E.R., Neural
control of circulation in Aplysia. IT Interneurons. J Neurophysiol. 37
(1974) 476-496.

Kuwasawa, K., Effects of ACh and IJPs on the av valve and the
ventricle of Dolabella auricularia. Am. Zool. 19 (1979) 129-143.
Kuwasawa, K., and Hill, R. B, Regulation of ventricular rhythmic-
ity in the hearts of prosobranch gastropods, in: Neurobiology of
Invertebrates: Mechanisms of Rhythm Regulation, pp. 143-165. Ed.
J. Salanki. Akademiai Kiado, Budapest 1973.

Lehman, H.K., Price, D.A., and Greenberg, M.J., The FMRFa-
mide-like peptide of Aplysia is FMRFamide. Biol. Bull /67 (1984)
460-466.

Lever, J., and Boer, H.H. (Eds), Molluscan Neuroendocrinology.
North-Holland, Amsterdam 1983.

Mountcastle, V.B. (Ed.), Medical Physiology, vol.2. The C.V.
Mosby Company, St. Louis 1974.

Nagle, G.T., The molluscan neuropeptide FMRFamide. Calcium-

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

Reviews

dependent release and blood levels in Macrocallista (Bivalvia). Life
Sci 30 (1982) 803-807.

Nomura, H., The effects of stretching on the intracellular action
potential from the cardiac muscle fibre of the marine mollusc, Dola-
bella auricula. Sci. Rep. Tokyo Kyoiku Daigaku 77 (1963) 253-269.
Painter, S.D., FMRFamide inhibition of a molluscan heart is ac-
companied by increases in cyclic AMP. Neuropeptides 3 (1982) 19—
217.

Painter S.D., and Greenberg, M.J., A survey of the responses of
bivalve hearts to the molluscan neuropeptide FMRFamide and to
S-hydroxytryptamine. Biol. Bull 762 (1982) 311-332.

Patterson, S.W., and Starling, E. H., Mechanical factors which de-
termine the output of ventricles. J. Physiol., Lond. 48 (1914) 357.
Price, D.A., and Greenberg, M.J., The structure of a molluscan
cardioexcitatory neuropeptide. Science 197 (1977) 670-671.

Price, D. A., Cottrell, G.A., Doble, K. E., Greenberg, M. I., Jorenby,
W., Lehman, H.K., and Riehm, J.P., A novel FMRFamide-related
peptide in Helix: pQDPFLRFamide. Biol. Bull /69 (1985) 256-266.
Skramlik, E., Uber den Kreislauf bei den Weichtieren. Ergebn. Biol.
18 (1941) 88-286.

Smith, P.J.S., Studies on the circulatory organs of the octopus,
Eledone cirrhosa (Lam.). Ph.D. Thesis, University of Aberdeen,
Scotland 1979.

Smith, P.J.S., The role of venous pressure in regulation of output
from the heart of the octopus, Eledone cirrhosa (Lam.). J. exp. Biol.
93 (1981) 243-255.

Smith, P.J.S., Molluscan circulation: Haemodynamics and the
heart, in: Circulation, Respiration and Metabolism, pp. 344-355.
Ed. R. Gilles. Springer-Verlag, Berlin, Heidelberg 1985a.

Smith, P.J.S., Cardiac performance in response to loading pressures
for two molluscan species, Busycon canaliculatum (L.) (Gastropoda)
and Mercenaria mercenaria (L.) (Bivalvia). J. exp. Biol. 179 (1985b)
301-320.

Smith, P.J. S., Energetics of the isolated Aplysia heart in response to
5-HT and FMRFamide. (1987) in preparation.

Smith, P.J.S., and Boyle, P.R., The cardiac innervation of Eledone
cirrhosa (Lamarck) (Mollusca: Cephalopoda). Phil. Trans R. Soc.
(Lond.) B300 (1983) 493-511.

Smith, P.J.S., Duthie, G.G., Wells, M.J., and Houlihan, D.F.,
Continuous recording of arterial blood PO2 in Octopus vulgaris
during progressive hypoxia and movement. J. exp. Biol. /77 (1985)
475-479.

Smith, P.J.S., and Hill, R.B., Cardiac performance in response to
loading pressures and perfusion with 5-hydroxytryptamine in the
isolated heart of Busycon canaliculatum (Gastropoda, Prosobran-
chia). J. exp. Biol. 123 (1986) 243-253.

Smith, P.J.S., and Hill, R. B., Modulation of output from an isolated
gastropod heart: Effects of acetylcholine and FMRFamide. J. exp.
Biol. (1987) in press.

Straub, W., Zur Physiologie des Aplysienherzen. Pfligers Arch. ges.
Physiol. 86 (1901) 504-532.

Straub, W., Fortgesetzte Studien am Aplysienherzen (Dynamik,
Kreislauf und dessen Innervation) nebst Bemerkungen zur verglei-
chenden Muskelphysiologie. Pfliigers Arch. ges. Physiol. 103 (1904)
429-449,

Thompson, R.J., Livingston, D.R., and de Zwaam, A., Physiolo-
gical and biochemical aspects of valve closure in the Giant Scallop
Placopecten magellanicus. J. comp. Physiol. 7137 (1980) 97-104.
Tublitz, N.J., and Truman, J. W., Insect cardioactive peptides. II.
Neurohormonal control of heart activity by two cardioactive pep-
tides in the tobacco hawkmoth, Manduca sexta. J. exp. Biol. 114
(1985) 381-396.

Wells, M. J., The heartbeat of Octopus vulgaris. J. exp. Biol. 78 (1979)
87-104.

Wells, M. J., Circulation in cephalopods, in: The Mollusca, vol. 5,
pp. 239-290. Eds A.S.M. Saleuddin and K. M. Wilbur. Academic
Press, New York 1983.

Wells, M.J., Duthie, G.G., Houlihan, D.F., Smith, P.J.S., and
Wells, J., Blood flow and pressure changes in exercising octopuses. J.
exp. Biol. (1987) in press.

Wells, M.J., O’Dor, R.K., Mangold, K., and Wells, J., Oxygen
consumption in movement by Octopus. Mar. Behav. Physiol. 9,
(1983) 289-303.

Wells, M.J., and Smith, P.J.S., The performance of the Octopus
circulatory system: A triumph of engineering over design. Exper-
ientia 43 (1987) 487-499.

Welsh, J. H., Neurohormones, in: The Hormones, pp. 97-151. Eds
G. Pincus and K.V, Thimann. Academic Press, New York 1955.
Wilkens, L.A., Electrophysiological studies on the heart of the



Reviews

bivalve mollusc Modiolus demissus. 1. Tonic basis of the action po-
tential. J. exp. Biol. 56 (1972) 293-310.

54 Wilkens, L.A., and Greenberg, M.J., Effects of acetylcholine and
5-hydroxytryptamine and their ionic mechanism of action on the

Experientia 43 (1987), Birkhduser Verlag, CH-4010 Basel/Switzerland 965

electrical and mechanical activity of molluscan heart smooth muscle.
Comp. Biochem. Physiol. 45 (1973) 637-651.

0014-4754/87/090956-10$1.50 + 0.20/0
© Birkhduser Verlag Basel, 1987

Organization of the multifunctional neural network regulating visceral organs in Helix pomatia L.

(Mollusca, Gastropoda)

by K.S. Rozsa

Balaton Limnological Research Institute of the Hungarian Academy of Sciences, H-8237 Tihany ( Hungary)

Summary. In Helix pomatia L. the overlapping neuronal network was found to regulate the visceral functions (e.g. cardio-
renal, respiratory and genital functions). The neural network is organized around the multifunctional interneurons, which
take part in forming both afferent and efferent pathways. The interneurons are sensitive to a wide range of neurotransmitters
or transmitter candidates including low molecular weight substances (ACh, SHT, DA, octopamine, glutamate) and several
oligopeptides. In this system both selection of information and modification of membrane properties (for example habitu-
ation) are carried out by a combination of simultaneously liberated active agents.

Key words. Helix pomatia L.; neural network; habituating and non-habituating neurons; interaction of neurotransmitters
and peptides; FMRFamide; opiate peptides; morphine; ACh; SHT.

Introduction

In the subesophageal ganglion complex of Helix pomatia a
network consisting of a number of identified neurons was
found to regulate the visceral organs including the cardio-
renal, respiratory and genital systems?*,

The gastropod central nervous system and semi-intact prepa-
rations are commonly used for studying questions connected
with the transmission, interpretation and storage of informa-
tion. This involves the problems of specificity or invariance
of single units in the regulatory neural networks, or on the
contrary, the variability and dynamic nature of the network
elements®!>222,

The data support an emphasis on the concept that recogni-
tion, analysis and regulation occur at the level of neural
networks building up from overlapping neural populations.
Any idea that the same unit of the network can take part in
the interpretation of various pieces of information, or in the
regulation of different functions, contradicts the alternative
idea of networks or units specialized for one single function.
The aim of our investigations was to study the interrelation
of the neurons regulating various visceral organs, e.g., car-
dio-renal, respiratory and genital. During the investigation
special attention was paid to the interaction of neuro-
transmitters involved in the identified neural network.

Material and methods

The experiments were performed on active snails, Helix
pomatia L., at rocom temperature (20-24°C), throughout the
year. For the investigations semi-intact preparations devel-
oped earlier 2% were used. The preparation employed con-
tained: 1) cardio-renal system (e.g. heart, pericardium, blood
vessels, kidney and liver), 2) respiratory system (e.g. pneu-
mostoma surrounded with a piece of mantle and body wall),
3) genital organs (e.g. hermaphroditic gland, hermaphroditic
duct, female duct, spermatheca, accessory genital mass and
prostate gland).

During preparation, care was taken to preserve intact the
connection of anal, right parietal and intestinal nerves, inner-
vating the cardio-renal, respiratory and genital systems, re-
spectively, with the central nervous system (CNS).

In the majority of experiments the intracellular activity of
two identified central neurons, heart contractions and the

extracellular activity of the corresponding nerve were
recorded simultaneously. The intracellular activity of the
neurons was registered with conventional glass microelec-
trodes, filled with 2.5 M KCI or 0.6 M K,SO,, which had
resistances of 5-20 MOhm. A four-channel Tektronix oscil-
loscope, a Gould-Brush recorder and Dagan amplifiers were
employed during experiments. The inputs from various vis-
ceral organs were activated by applying tactile stimuli to the
peripheral receptors.

The application of low molecular weight neurotransmitters
or peptides was carried out by two methods: 1) from a micro-
pipette 50, 100 or 200 pl of substances in the range of 107
10~® M was applied to the surface of ganglia (drop applica-
tion). 2) the microelectrode with 46 pm tip diameter filled
with the drug was positioned on the soma membrane of the

o V2

Figure 1. Diagram of the location of the neurons regulating visceral
functions in Helix pomatia on the dorsal surfaces of the central ganglia.
LC and RC, left and right parietal; LP and RP, left and night pedal; LPI
and RP], left and right pleural; LPa and RPa, left and right parietal; V,
visceral ganglia.



