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Frontispiece A scanning electronraicrograph of the 

larval heart of Manduca sexta. 

m = iTiyocardium, a = alary muscles.

Scale bar represents 100 um.
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Abstract

A reliable vitro semi-isolated preparation of the larval 

heart of I^nduca sexta was developed to investigate the control of 

heartrate in the insect.

Pharmacologically, the preparation was found to be sensitive 

only to the two biogenic amines, 5-hydroxytryptamine (5-HT, 

serotonin) and octopamine. Thresholds were 5 pmol and 50 pmol 

respectively. A typical response had both positive chronotropic and 

inotropic elements. The serotonin-induced response could only be 

mimicked by a limited range of less potent, structurally similar 

agonists, and could not be blocked by a number of recognised 

antagonists. The OG-blocker phentolamine failed to prevent the

normal octopamine response. Inferences as to the nature of the

receptor (s) were drawn.

Endogenous cardioactive substances were found to be distributed 

in all neural tissues examined, but were concentrated in the 

abdominal nervous system. Gel-filtration chromatography of crude 

extracts revealed two bands of activity - a larger one of mw

approximately 4000 and a second of less than 1000 dal tons. Various

techniques suggested the smaller factor was a small, heat-stable 

peptide, insensitive to trypsin and chymotrypsin, but whose activity 

was abolished by a bacterial pro tease and by per formic acid 

oxidation. High performance liquid chromatography yielded partially 

purified material.

The HPLC-purified fraction was found to act on the isolated 

larval hindgut and foregut of M. sexta and also on the hearts of 

other Lepidopteran species, causing increased frequency of 

contractions.



In vivo recordings were made of heartrate during fourth and 

fifth larval and pupal stages. Injection of the partially purified 

cardioactive factor resulted in immediate cardioacceleration.

A chromatographically similar factor was shown to be present in 

other stages of M. sexta and the release of this factor into the 

haemolymph during adult wing spreading was demonstrated.

The thesis includes an overview of the pattern of the heartbeat 

in insects and a review of the evidence for cardioregulation by 

other invertebrate peptides.
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'it is possible that when a nerve is 
stimulated substances are formed, which 
in turn are responsible for the 
observed effect of stimulation. This 
question cannot possibly be solved by 
studying the whole animal. One must 
instead focus experimentation on an 
isolated organ.'

'as soon as I have the necessary animal 
material I intend to investigate the 
nature of these substances as well as 
to investigate a great number of other 
questions which have arisen in the 
course of these studies.'

0. Loewi (1921)
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Chapter I: Introduction - The Insect Heart

The class Insecta have an inflexible exoskeleton and a large 

internal cavity, the haemocoel. This space is filled by a watery 

fluid, the haemolymph or blood. In the absence of any capillaries, 

arteries or veins this circulatory system is considered primitive 

(Richards and Davies, 1977).

The circulation of the haemolymph is achieved by a number of 

pumps within the system, which are necessary for the dispersion of 

the nutrients, ions and metabolic wastes held within the blood. The

most important of these pumps is a single, muscular tube that lies

towards the dorsal side of the animal and is termed the dorsal 

vessel.
Although there is a degree of variability in gross structure, 

historically at least three forms have been recognised (Jones, 

1977), each vessel is divided into two parts - the abdominal section 

is called the heart, whilst the regions that lie within the thorax 

and head are collectively called the aorta (Jones, 1977). For the 

purpose of this report the terms 'dorsal vessel' and 'heart' will be 

used interchangably to describe the abdaninal region of the 

myocardium.

Insect circulation and heart activity

The pattern of haemolymph movement within the insect's body must 

be considered in relation to the heartbeat. The heart collects

blood from the abdominal cavity and discharges it in the head. The

flow of the blood can be attributed to three phases in the cardiac 

cycle. These are contraction or systole; relaxation or diastole and 

a rest in the relaxed condition or diastasis (Wigglesworth, 1965).



In the larva of the silkworm Bombyx mori, (Yokoyama, 1939) blood 

enters the heart during diastole through the incurrent ostia (the 

ostia are slit-like valves in the sides of the heart in segments vii 

and viii). Upon contraction tdie design of these valves prevent 

blood from leaving these segments and so the blood is forced

anteriorly into the thorax and head, where it leaves the dorsal

vessel. The resultant increase in relative pressure at the anterior 

end means at the same time blood moves backwards in the body cavity 

into the abdomen.

Circulation of the haemolynph to other extremities of the 

insect, such as legs and wings is often assisted by other pulsatile 

organs like leg hearts, antennal hearts and specialised exoskeletal 

muscles (review Jones, 1977).

Activity of the heart

There is, undeniably, a very strong physiological interest in 

contractile tissues, and because they display such behaviour insect

hearts have been the subject of a multitude of studies (see Jones,

1974; 1977). This has been particularly because the insect heart 

lends itself well to recording and experimental manipulation.

Some insects have a sufficiently transparent cuticle (for 

instance pharate pupal Manduca sexta) which permits visual 

detection of cardiac movements and a suitable light source and 

photocell can make a permanent copy of the recording. In species 

that have opaque cuticle, its rigidity allows recordings by 

electrocardiograms, impedence conversion and contact thermography 

(Miller, 1979a).

The dorsal vessel also often continues to beat apparently 

normally when it is removed, either partially or even sometimes
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totally from the aninal. These are called respectively, semi

isolated and isolated heart preparations. Both have frequently been 

used as bioassay organs in pharmacological and endocrinological 

studies.

Origin of the insect heartbeat - neurogenic or myogenic?

Semi-isolated heart preparations have been of great importance 

in distinguishing between two possible hypotheses - whether the 

sequence of contractile activity of the myocardium is governed by 

pacemaker(s) within the muscle fibres of the heart itself (ie. 

iT^ogenic origin) or is the result of nervous input from central or 

peripheral pacemakers (ie. neurogenic).

In the second hypothesis each contraction of the heart would be 

produced by the bursting of several cardiac neurones from which 

summated junctional potentials would be evoked in the myocardium. 

An exanple of an invertebrate neurogenic heart is that of the 

lobster, the heartbeat of which is generated by the endogenous 

rhythmical electrical activity of the cardiac ganglion (Hartline and 

Cooke, 1969).

Contrary to early suggestions of neurogenicity, provoked by the 

recognition of complex cardiac innervation and the misinterpretation 

of the effects of acetylcholine and adrenaline (Prosser and Brown, 

1962) there is now overwhelming support for the myogenic origin of 

the insect heartbeat. Good evidence has been found in studies on 

the american cockroach, but is also the most probable explant ion for 

the mechanism of heartbeat in all insects (McCann, 1970).

As mentioned earlier semi-isolated hearts display apparently 

'normal' heart activity, something that would not be predicted with 

a neurogenic heart. In fact insect hearts can be divided up both

3



laterally and longitudinally and all the pieces will often continue 

to beat, albeit at different rates (Jones, 1977). Heart activity of 

such preparations is not altered when perfused with chemical 

blockers of nerve impulses such as tetrodotoxin (TTX) (Miller, 1979) .

When the cardiac nerves of Periplaneta amer icana remain intact 

and their activity and that of the myocardium are recorded 

simultaneously, the neurons fire during systole and are quiescent 

with systolic contractions (Miller, 1974). This is the opposite to 

the sequence of events in neurogenic hearts (Hartline and Cooke, 

1969).

Finally intracellular recordings from myocardial cells have 

detected pacemaker-type potentials (McCann, 1970), like those 

present in the pacemaker regions of the undoubtedly nyogenic hearts 
of vertebrates (Doble, 1979).

Regulation of the myogenic rhythm

In vivo measurements of insect heart activity have shown that 

there is not a constant rate of beating. There are variations in 

heartbeat within individuals according to age, developmental stage 

and sex of the insect, state of nutrition, stress, environmental 

stimuli and other conditions (review Jones, 1977). This indirect 

evidence suggests that although the heartbeat is generated from 

within the myofibrils, the rhythm may be subject to some kind of 

modulation.

In the mammalian heart regulation of the beat is enacted through 

the sympathetic and parasympathetic nervous pathways. In insects 

the heart is also best described as myogenic and innervated but the 

regulatory mechanisms have not been identified.

In an attempt to do this there have been two lines of
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investigation. The first is the pharmacological approach, which has 

been dominant and the second is the physiological one. It should be 

stressed that whilst separately each can provide useful information, 
it is necessary to have both kinds of study for a real understanding 

of heartbeat regulation.

Physiological Studies

Studies on the cellular activity of single cells of the

myocardium of the moth Hyalophora cecropia have yielded most of the 

information on the electrical and ionic currents involved in

generating the iryogenic heartbeat (review McCann, 1970) .

The resting potential measured in these cardiac cells is about 
-65 mv, when it would be predicted to be about -11 mv if the Nernst 

equation were obeyed, and is maintained to a great extent by 

metabolic pumps (McCann, 1967).

All cells, it would seem, have pacemaker properties, as it was 

possible to record pacemaker potentials in all regions of the heart 

(McCann, 1965). Action potentials in the myocardial cells have a 

slow initial rise indicative of being of a pacemaker-type and can

overshoot by as much as +20 m\̂ , but there is a degree of variation

in their contour (McCann, 1965) . Calcium would seem to be the most 

important charge-carrying ion since action potentials are dependent 

on the external calcium concentration and are reduced to 0 mv in its 

absence (McCann, 1971).

Pharmacological Studies

A large range of putative regulators, including acetylcholine, 

adrenalin and other catecholamines, biogenic amines and amino acids 

have been screened for potential cardioactivity (reviewed in Jones, 

1977). Table 1.1 lists a number of these agents and their influences



on the cardiac activity of several insects.

As can be seen the effects are extremely variable and 

species-specific. One compound may be excitatory on one insect 

heart, inhibitory on another and without effect on a third cardiac 

preparation. Some insect hearts, for instance that of Periplaneta 

amer icana are excited by a multitude of agonists (including 

serotonin, octopamine and dopamine - Collins and Miller, 1977); 

others like that of Stomoxys calcitrans, the stable fly, are 

insensitive to all drugs tested (Cook and Meola, 1983).

It is rather difficult to formulate any overall pattern to the 

pharmacological responses, most probably because there is 

insufficient information available. However there are more exanples 

of positive cardiac responses to acetylcholine and serotonin than 

for the catecholamines; the amino acids glutamate and gamma-amino 

butyric acid (GABA) seem to have no effect. This may suggest that 

some transmitters are more likely regulators than others.

The bioassay of insect tissue extracts on the same preparations 

has revealed high levels of endogenous cardioactive factors (review 

Jones, 1977) and chromatographical analyses have made inferences to 

their likely chemical nature - for instance that many of these may 

be small peptides rather than cardiostimulatory amines or 

catecholamines (review Jones, 1974; 1977). However these

experiments are open to the same criticism as those described above; 

they are purely pharmacological. Mordue and Goldsworthy, (1969) 

have emphasised this point with the contrasting effects of 

adipokinetic hormone on irp vitro and ^  vivo Locusta heart activity.

The knowledge of the distribution of endogenous cardioactive 

substances may be extremely useful, for it could reflect the 

mechanism by which these factors might directly affect the heartbeat.
6



In simplified terms the two possibilities are either that the active 

factors are released from a site intimate with the heart (ie. from 

nerve terminals and so act as neurotransmitters or modulators) or 

they are liberated into the haemolymph at a distance and circulate 

as neurohormones. Obviously cardioactivity within the cardiac 

and/or segmental nerves would support the former suggestion; high 

concentrations in neurohaemal organs like the corpora cardiaca would 

add weight to the second proposal.

Briefly, evidence for nervous and hormonal cardiac regulation

will now be considered (see Miller, 1979).

Nervous regulation of cardiac activity

Cardioactivity has been found in the cardiac nervous network 

(Johnson and Bowers, 1963). However attempts at nerve stimulation 

of semi-isolated myocardia have not produced clear-cut effects - for 

example, although the heart of Periplaneta americana is initially 

excited it rapidly habituates to further shockings of the lateral 

cardiac nerves (Miller, 1979). In Hyalophora cecropia stimulation 

of the ventral nerve cord induces tachycardia followed by cardiac

arrest, but it was not clear whether the response was mediated by 

the segmental nerves (McCann, 1970).

The most substantial evidence for nervous involvement in the 

regulation of heart activity has come from studies of adult 

Lepidoptera and Diptera.

Heinrich (1970; 1971) investigated the relationship between body 

tenperature and heartrate. He found that localised heating of the 

abdomen resulted in a reduction in the amplitude of the pulsations

of the dorsal vessel, whereas heating of the thorax increased both

the frequency and force of heart contractions. However if the
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ventral cord was severed between the thorax and the abdomen the 

latter réponse was lost, suggesting some kind of nervous control of 

the heartbeat. The experiment does not discriminate between the 

possibility of either direct nervous control of the heart by 

innervating processes or the release of a hormone from neurohaemal 

sites on the abdominal nervous system.

The resting heart activity of Calliphora erythrocephala adults 

is extremely irregular; the rate alternates rapidly between periods 

of complete inactivity (0 beats per minute) and times when the rate 

reaches 350 beats per minute. If the abdomen is separated from the 

thorax the rhythm immediately beccxnes stable at about 300 beats per 

minute (Miller, 1979).

Normann, (1972) observed similar heart activity in isolated 

abdcxnens and suggested that inhibitory segmental nerves and 

excitatory neurosecretory axons arising from the thoracic ganglionic 

mass might be responsible for regulation. This immediately provokes 

the question of the nature of the possible regulatory substances. 

The denervated heart of Stomoxys calcitrans also has a stable 

heartrate, but Cook and Meola, (1983) could not affect this with a 

wide range of drugs.

Hormonal regulation of cardiac activity

Despite the observation of electron-dense neurosecretory 

granules in axon profiles of cardiac nerves (for example in 

Periplaneta - Johnson, 1966) there is to date very little evidence 

for hormonal regulation of heart activity.

Cardiostimulatory material has been found in the copora cardiaca 

of Periplaneta amer icana (see Chapter V) but none of the factors 

have been chemically characterised, a procedure that is almost



essential prior to the assessment of their physiological functions.

This report describes the use of a semi-isolated preparation of 
the heart of Manduca sexta to investigate the nature and 

physiological roles of endogenous cardioactive factors.



Table 1.1 The effects of various drugs on heart 

preparation from some insects.

References

(1) Collins and Miller, 1977

(2) McCann and Penefsky, 1981

(3) Schaeffer and Miles, 1970

(4) Normann, 1972

(5) Rozsa and Szoke, 1970

(6) Mordue and Goldsworthy, 1969

(7) cited in Jones, 1977

(8) Cook and Meola, 1983

10



Drug Species Cardiac Activity Reference

ACh Periplaneta

Hyalophora

Gromphadorhina /

(1)
(2)

(3)

Adrenaline Hyalophora

Calliphora

(2)

(4)

Dopamine Periplaneta 

Carabus
(1)
(5)

5-HT Periplaneta
Schistocerca

Hyalophora

Leptinotarsa

Stomoxys

+
4-

/

(1)
(6)
(7) 

(5)

(8)

Octopamine Periplaneta

Stomoxys
(1)
(8)

GABA Periplaneta 

Carabus
/ (9)

(5)

Glutamate Gromphadorhina /

Periplaneta /

+ increases the basal heartrate 

- inhibits the basal heartrate

/ has no apparent effect on basal heart activity

11

(3)

(9)



Chapter II: ïhe Heart of Manduca sexta

Structure

Although detailed studies have been made of the cardiac anatomy 

of several Lepidoptera - Bombyx mori (Kuwana, 1932; Gerould, 1938; 

Mclndoo, 1945); Hyalophora cecropia (Sanger and McCann, 1968a; 

1968b); Sphinx ligustri and Ephestia kuehniella (Wasserthal and 

Wasserthal, 1977) and Caligo beltrao (Wasserthal and Wasserthal, 

1980); none have specifically dealt with Manduca sexta.

The description by Peterson, (1912) of the larval heart of 

Protoparce Carolina (= Manduca sexta) as a 'very delicate, flattened 

muscular tube closed at the caudal end and presumably opening in 

each segment by a system of valves' is very much in accordance with 

what is known of the form of the heart in other Lepidoptera.

Ihe tubular heart of adult Hyalophora cecropia (Sanger and 

McCann, 1968a; 1968b) is composed of a single layer of striated 

muscle fibres of uniform ultrastructure that average about 25 um in 

diameter and 100 um in length. These are wound helically along the 

length of the dorsal vessel. The single cell type present infers 

that there is an absence of regions specialised for the generation 

of the beat (as are present in the vertebrate heart) and that, 

therefore myogenicity is a property of all the myofibrils.

The dorsal vessel (see frontispiece) is suspended from the 

dorsal integument by a number of small alary muscles, branches of 

which form intimate contacts with the myofibrils at myomuscular 

junctions. Tie heart is single chambered with segmental valves, or 

ostia, that permit the movement of the haemolymph during contraction.

Wasserthal and Wasserthal, (1977) reported a similar anatomical 

description from their examination of the heart of Sphinx ligustri.
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This insect is, like Manduca sexta a member of the family Sphingdae.

Peterson, (1912) illustrated clearly branches of the segmental 
nerves projecting to the alary muscles and dorsal vessel of larval 

Manduca sexta. However there are apparently differences in cardiac 

innervation between species of Lepidoptera. If the heart does 

receive nervous innervation, this may be either by both lateral 
cardiac nerves and segmental nerves, or by segmental nerves alone 

(review Jones, 1977).

Kuwana, (1932) found that the heart of the silkworm Bombyx mori 

has two nerve supplies through the lateral cardiac and segmental 

nerves. Mclndoo, (1945) described an identical pattern for Bombyx 

mori, but only segmental nerves in the southern armyworm Prodernia 

eridenia.

In the moths Sphinx ligustri and Ephestia kuehniella and the 

butterfly Caligo beltrao the dorsal vessel and the alary muscles are 

multiterminally innervated by branches of the transverse segmental 

nerves (Wasserthal and Wasserthal, 1977; 1980). Electron microscopy 

revealed neurosecretory electron-dense axon profiles within these 

branches; distributed along the terminals were specialised regions 

morphologically consistent with neurohaemal release sites. This 

anatomical evidence is very strongly suggestive of a neurosecretory 

nervous network, that may be involved in regulating heart function.

In his study of the peptide hormone bursicon in adult Manduca 

sexta, Taghert, (1981) described the anatomy of the abdominal 

segmental nerves (Fig 2.1). Each ganglion has two paired segmental 

nerves; the dorsal and ventral nerves. An unpaired median nerve 
runs between the two connectives from one ganglion to the next and 

gives off the two branches of the transverse nerve. In the adult
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this occurs about halfway along its length, but in the larva close

to the next posterior ganglion. The perivisceral organs are slight

swellings of the transverse nerves. The transverse nerve innervates 

tlie closer muscle of the spiracle and then anastomoses with the 

dorsal nerve and proceeds to the heart.

The author found no evidence of peripheral nerve cell bodies

along the length of the transverse nerves. Based on the frequency

of axon profiles he concluded that neurosecretion takes place along

the entire length of the transverse nerve.

In sharp contrast Sanger and (4cCann, (1968a; 1968b) concluded 

that there is a complete absence of any cardiac innervation in

adults of Hyalophora cecropia. Although examination by light and 

electron microscope of sections through the heart failed to reveal 

the presence of any ganglia or nerve processes, it may have been 

that these sections were not cut in the most suitable plane.

Perhaps tracing of the segmental nerve processes away from the 

abdominal ganglia might resolve the question of cardiac innervation 

for this species.

It would therefore seem that the extent of cardiac innervation 

within the Lepidoptera is extremely variable.
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The Experimental Insect

All stages of Manduca sexta used throughout the course of this 

study were from a colony of tobacco hornworms reared individually on 

artificial diet according to Bell and Joachim, (1978), under a 

long-day regime (17L:7D).

This was done under permit from the Ministry of Agriculture, 

Fisheries and Food, licence numbers PHF 343/11, 343/26 and PHF

343/36 issued under the Plant Pests (Great Britain) Order 1980.
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Normal activity of the Manduca heart

Materials and Methods

Measurement of in vivo heart activity

Direct visual observations were made of unrestrained larvae and 

pharate pupae of Manduca sexta. In fourth and fifth instar animals 

the contractions of the heart could be seen through the integument 

with the aid of a microscope and careful illumination, especially at 

the base of the abdominal 'horn' and through the translucent cuticle 

between segments 5 and 6.

In wandered larvae, pharate pupae and newly emerged pupae the 

entire dorsal vessel is readily visible because of its exposure with 

the clearance of the pigment in the overlying epidermis.

Ihe time taken for 10 heart contractions was recorded and the 

heart activity calculated in terms of beats per minute (bpm).

Electrocardiographic recording

Records of heartrate were irade using implanted silver wire 

electrodes. Ihe electricity activity was amplified with a Neurolog 

differential AC preamp (NC 104), the signal conditioned with ML 125 

filters and displayed on a Medelec P0R4 fibre-optic recording 

oscilloscope, which was also used to make permanent records on u.v. 

sensitive paper.

All recordings and observations were made at room temperature - 

22 + 2°C.

The semi-isolated larval heart preparation

Final day feeding fifth instar larvae (8-10 g weight) were
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anaesthatised in water for fifteen minutes. Ihe body wall was then 

cut laterally, ventral to the spiracles so that the entire dorsal 

surface could be removed and pinned out in a Sylgard (Dow-Corning) 

filled dish. Ihe gut was completely removed and the semi-isolated 

preparation washed well with several changes of fresh Manduca saline 

(see Appendix for composition).

Movements of the dorsal vessel were monitored by the deflection 

of a hook, made from a lAA gauge entomological pin (Watkins and 

Doncaster, Hawkhurst, Kent) inserted underneath the heart between 

abdominal segments 5 and 6. Ihis was connected by a light cotton 

thread to the lever of a Palmer isotonic movement transducer lightly 

counterweighted (160 mg) with modelling clay (Plasticene). 

Permanent records of the output from the transducer were made on a 

flat bed potenticxætrie chart recorder (Houston Qmiscribe).

Ihe semi-isolated preparation was held at an angle of 

approximately 25° to the horizontal and fresh Manduca saline 

perfused continuously onto the caudal end of the heart at a rate of 

about 10 ml/min. Ihe saline flowed down the length of the heart 

under gravity and was removed by suction at the cephalic end. All 

test substances and extracts were applied with a Hamilton syringe 

direct onto the caudal extremity of the heart. All assays were 

performed at room temperature (22 + 2°C).

Ihe semi-isolated pharate adult preparation

Ihis was set up in very much the same way as the larval 

preparation. Pharate adults selected less than a few hours before 

eclosion were used. Instead of using a small hook, a short length 

(a few mm) of the cephalic end of the heart was freed from its alary 

muscles and the cotton threat tied directly to this. Ihe perfusion
17



of adult saline (see Appendix) and testing of samples for 

cardioactivity were as for the larval heart.

Results

In vivo heart activity

Fig 2.3 plots the data fran observations of the heartbeat of 

Manduca sexta from the beginning of the fourth instar through to the 

pupal stage. Unless specified each point represents the mean of 
four observations of the same animal.

Fig 2.4 is a graphical presentation of results published by 

Newport, (1838) for the change in heart activity of the privet 

hawkmoth. Sphinx ligustri during larval life.

In both sets of results a continual decline in heartrate during 

successive larval instars can be seen to occur. In Manduca the rate 
falls from 65 bpm at the start of the fourth instar to about half 

that rate (30 bpm) by the end of the feeding period of the fifth. 

Ihe decline in heartrate through all the larval instars of Sphinx is 

even more dramatic; from over 100 bpm early in the second instar to 

under 30 bpm just before wandering. Newport described thus...

'that the rate of pulsation is gradually 
diminished from the earliest period of the larval 
state until the insect has changed into a pupa; - 
that while the rate of pulsation within a few 
hours after the insect has left the egg varies 
from seventy five to ninety, and in its second 
skin, or at an average age of about two hundred 
and forty hours, it is but very little lower ; it 
becomes in its third reduced to an average of 
seventy five, in its fourth to less than sixty, in 
the middle period of its fifty to a maximum of 
fiftyfive and the latter period of the same to, 
scarcely more than thirtytwo pulsations per 
minute.'

18



However this steady rate of decrease as the insect grows is 

periodically interrupted by marked reductions in heart activity just 

prior to larval ecdyses. For Sphinx this can be seen to occur on 

days 8, 16 and 22 (Fig 2.4). In my observations on Manduca, having 

the benefit of the progress of 150 years research on insect growth 

and development, I was able to pinpoint this period of reduced 

heartrate a little more preciselyI The period of reduced beating 

occurs during the pharate portion of the fifth instar (ie. after 

apolysis but before the ecdysis of the fifth instar larva).

Heartbeat reversal

Throughout the fourth and feeding fifth instar the Manduca 

dorsal vessel beats uniformally in one direction. Each beat 

originates at the caudal tip of the heart and progresses 
anteriorly. These are anterograde contractions. During the period 

of this study, in which many thousands of heartbeats were observed, 

retrograde (ie. anterior to posterior) beats were never observed to 

occur in the hearts of feeding caterpillars. However, during the 

wandering phase of the fifth instar the beat is frequently

reversed. This cardiac behaviour was first seen in Wbndering Day 1

larvae and was seen in days subsequent to this, including those that 

had shed their last larval skin and entered the pupal stage (Fig 

2.3).

Newport, (1838) gave no indication of the direction of heartbeat 

in his observations on Sphinx.

Individual animals that had wandered showed a wide variation in

the rate and direction of heartbeat. For example (see Fig 2.3) a

caterpillar observed 1 day after wandering had a range of heartbeat

of 19.7 - 29.4 bpm (rates determined in a period of less than 30

min) ; while a larva 4 days after wandering had one of 19.6 - 37.5
bpm.
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The activity of the heart became extremely irregular in animals 

close to larval-pupal ecdysis; a larva 3 days after wandering had a 

reversed heatbeat that varied between 7.6 - 26.3 bpm and there were 

periods of up to 32 sec when there was no observable beat at all.

In animals that showed both forward and backward beating the 

posteriorly-directed contractions were slower (eg. in an animal 1 

day after wandering Uie mean rate of forward beating was 31.0 bpm, 

while the mean rate of reversed beating was 24.9 bpm).

Electrocardiogram recordings (BCG)

The heartrate of an animal measured by electrocardiogram (BCG) 

was found to be the same as the activity determined previously by 

observation (Fig 2.5). The BCG of wandered animals showed the

variation in their heart activity (Fig 2.6). Fig 2.7 shows an BCG 

revealing reversal of heartbeat in a pupa.
Although increases in the amplitude of contraction were detected 

in feeding fifth instar larvae, there was no indication of increased 

rate of contraction even during potentially stressful conditions, 

such as physical disturbance of the larva by poking, pinching or

sudden illumination. The rate of heartbeat was the same during 

active feeding as it was during rests between meals.

The amplitude of the BCG was found to vary frcwm time to time and

with the insect's activity. However, since the size of the BCG 

signal depends on the placement of the electrodes (which could not 

be rigidly fixed) relative to the heart, it is not possible to say 

whether these changes in amplitude reflect any changes in the force 

of the heartbeat.

Semi-isolated larval heart

The larval heart continues to beat when it is isolated from
20



the central nervous system (CNS) and maintained under saline 

perfusion in a semi-isolated state following dissection.

The rate of contraction of the dorsal vessel is not constant, 

but decreases with time. This decline in heartrate is illustrated 

by two typical examples shown in Fig 2.8.

There appears to be two components to the pattern of heartbeat 

decline. A very sharp drop in heart activity occurs in the first 30 

min after dissection, during which time the rate falls by

approximately 50%. Following this initial decrease in rate the 

heart continues to beat regularly, v^ile the rate of beating 

declines slowly but steadily over a period of three or more hours. 

During this latter period the heartrate was normally within the

range 12 - 20 bpm. After several hours under these conditions, the 

beating of the heart becomes irregular. Since such irregular

beating is not observed in life (at least for fifth instar animals 

during the feeding stage - see above) such preparations were

discarded.

Semi-isolated pharate adult heart

This organ also displayed regular contractile activity vAich was 

similar in form to that of the semi-isolated larval heart.

During the plateau phase of beating of the preparation the basal 

heartrate ranged typically between 20 - 30 bpm.

Discussion

In vivo heart activity - decline with development

The decline in heartrate associated with succeeding larval or 

nymphal stages has been reported for a number of insects, including
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Locüsta migratoria (Roussel, 1971), Bombyx mori (cited in Jones, 

1974), Anophopheles quadrimaculatus (Jones, 1956). The two sets of 

heartbeat data for Manduca sexta and Sphinx ligustri (Newport, 1838) 

show very similar decreases in heartrate during larval development. 

Qi^innec and Campan, (1972) made electrocardiographic recordings of 

heartbeat during development of î famestra brassicae and came to the 

same conclusion - 'heartrate declines in the course of larval and 

pharate pupal stages'.

Although this developmental decline in heartrate (including that 

just prior to larval ecdyses) is well documented, its physiological 

significance is not understood.

Reversal of the heartbeat

This phenomenon has also been widely reported, especially in 

Lepidoptera and Diptera (review Jones, 1977). The results here 

suggest that reversals occur in wandered larvae, pharate pupae and 

pupae but not in feeding larvae. Gerould, (1938) made a detailed 

study of heart pulsations and periodic reversals in larvae and pupae 

of Bombyx mori and wrote....

'the dorsal vessel of the silkworm forty-eight 
hours prior to pupation no longer beats 
constantly forward, but phases of rapid forward 
beating alternate with phases of slower backward 
peristalsis'.

The heart activity, both in terms of rate and direction of beat 

is extremely variable in pupae (review Jones, 1977). The pupal 

heart has the ability to beat bidirectionally, as if there are two 

alternatingly dominant pacemakers located at the two extremities of 

the dorsal vessel. The anterograde contractions are typically 

faster than retrograde ones. The pupal heart may even completely
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cease beating for long periods (review Jones, 1977). This 

variability in heart activity has been considered to be related to 

'cardiac restructuring' during development (Gerould, 1938; Queinnec 

and Campan, 1972) but there is little supportive evidence for this 

hypothesis, which is in any case not really testable.

However the periodic change in forward and backward pulses may 

not be entirely random. Wasserthal, (1975) has described a 

characteristic pattern of heartbeat reversals just prior and during 

adult eclosion and wing expansion of Caligo brasiliensis which he 

considered to be important in blood circulation.

Semi-isolated larval heart

The semi-isolated preparation of the larval Manduca heart proved

extremely easy to set up and produced reliable and consistent

mechanical activity. This strongly implied that it could be

suitable as a test organ in a bioassay for potential or actual

cardioregulatory substances. Even though there was a slight decline

in heartrate during the plateau phase, the 'life' of each

preparation (at least 3 h) suggested that it would be suitable for

the assaying of a large number of samples (see Chapters III and IV).

The semi-isolated larval heart beat more slowly than did the

heart in the intact animal. This was not unexpected. The

contraction rate in the bioassay was between one half and one third

that of the rate recorded hi vivo (34.5 + 4.4; mean + SD n = 8).

This reduced heartbeat has been observed in a number of

semi-isolated insect hearts (see table in Jones, 1977).

The rate of decline of the heartbeat of the semi-isolated larval

Manduca heart is similar to that reported by Jones, (1977) for a

semi-isolated cardiac preparation from Periplaneta americana. In

the latter the rate of beating also fell by almost 50% in the
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first 30 rain after dissection (130 - 77 bpm) and then declined by a 

further 50% over the next 2 h (30 fcpm) . Unlike the Manduca 

preparation however, the P. americana heart subsequently recovered 

back to the earlier rate of 60 bpm.

The most likely explanations for the reduced heartrate in these 

preparations are damage done during the dissection, especially to 

the trachael system (thereby reducing the air supply to the heart) 

and differences between the composition of the insect's own 

haemo lymph and that of the perfused saline. The haemo lymph is a 

complex mixture of ions and organic molecules (Florkin and Jenniaux, 

1974), whereas the salines enployed were only a simple canbination 

of buffered salts brought to the correct osmotic strength with 
sucrose (see /^pendix). It is extremely likely therefore that the 

saline lacks substances essential for the maintenance of normal 

cardiac activity. A possibility which cannot be excluded is that 

one or more of these substances absent from the saline is actually a 
'cardioregulor' which is normally continually present in the blood, 

or continually released from cardiac nerves.
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Fig 2.1 The gross anatomy of the transverse nerve of

adult Manduca. Each abdominal ganglion (AG) 

has two segmental nerves, the dorsal (DN) 

and ventral (VN) nerve. The two branches of 

the transverse nerve (TN) arise from the 

unpaired median nerve (MN) that runs between 

the two ganglion connectives. Each TN is 

connected to the segmental nerves by 

anastomoses. The proximal portion of the TN 

includes the perivisceral organ (PVO). The 

TW innervates the spiracle closer muscle 

(SPM) and then proceeds to the heart.

From Taghert, 1981.
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Fig 2.2 The semi-isolated heart assay set-up.
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Fig 2.3 The heart activity of larvae of Manduca

sexta during the fourth and fifth instar.

Each closed circle represents the mean 

heartrate seen in four observations of the 

same animal. Ihe open circles represent the 

heartrate in single animals of the age 

specified. Points marked R are retrograde 

contractions.
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Fig 2.4 The heart activity measured in successive

instars of a larva of Sphinx ligustri. Each 

point represents a single observation.

Data from Newport, (1838)
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Fig 2.5 An electrocardiogram recording from a

feeding fifth instar larva of Manduca sexta 

(weight 9.0 g). The bar is equivalent to 1 

sec. Ihe frequency of heartbeat is 35.3 bpm.
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Fig 2.6 Electrocardiogram recordings from a larva 2

days after wandering, showing the variation 

in heartrate.

A = 18.3 bpm Scale bar is 1 sec

B = 22.6 bpm 

C = 32.7 bpm
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Fig 2.7 An electrocardiogram recording from a day 1

pupa. Ihe arrow indicates the change in the 

direction of heartbeat. The time bar 

represents 30 sec.
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Fig 2.8 Itie decline in the rate of contraction of

the semi-isolated larval Manduca heart. The 

closed circles represent one preparation, 

the open ones a second. Each point is a 

single measurement.
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Chapter III: The Pharmacology of the Semi-Isolated

Heart of Manduca sexta

Introduction

The nature of drugs that could affect the contractile activity 

of the semi-isolated heart preparations was now investigated.

Materials and Methods

The semi-isolated larval and pharate adult Manduca heart 

preparations were set up as described in Chapter II.

Drug solutions were made up fresh daily from aliquots of 

10 ^ mol 1  ̂ stocks kept at -20°C and serially diluted with

fresh Manduca saline to give the desired concentrations (usually
-8 -4 -110 - 10 mal 1 ). If necessary the pH of these solutions

was adjusted to pH 6.5 with buffer. Ihose drugs having low aqueous

solubility were first dissolved in a minimum volume of ethanol and

then diluted with Manduca saline. In no case did the ethanol

content of a test solution exceed 2%.

Pulse applications of the drugs were made by injecting 50 ul

samples onto the caudal extremity of the heart. Further sanples

were applied only when the activity of the preparation had returned

to the condition previous to the first application. Sufficient

controls (saline applications) and standard doses of drug were

performed during the course of each experiment. Where a drug

solution contained ethanol, a control solution containing the same

proportion of ethanol, but no drug, was used.

In experiments involving antagonists, the perfusion of the
preparation was switched from Manduca saline to perfusion from a

separate reservoir containing a solution of the blocker in Manduca

saline. Ihe antagonist was applied continuously to the
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semi-isolated heart for 2 min and then a pulse application of the

agonist made while the antagonist solution continued. Ihe response 

of the heart to the agonist applied in the presence of the blocker 

was compared within the same experiment with a prior equivalent dose 

of the agonist applied during perfusion with only Manduca saline.

The cardiac responses to effective agonists were quantified by 

comparison of the rate and maximum amplitude of contraction during

the first minute following application of a test sample with the

rate and amplitude during the minute preceding it.

Ihe drugs used were:-

(i) general survey of neuro transmitter substances

5-hydroxytryptamine creatinine sulphate complex - (Sigma) 
Acetylcholine chloride (BDH)
Adrenaline hydrogen tartrate (BDH)
Noradrenaline (Sigma)
Glutamic acid (Fisons)
Gamma amino butyric acid (Sigma)
Dopamine HCl (BDH)
DL synephrine HCL (Sigma)
Histamine diHCl (BDH)
Proctolin (Cambridge Biochemicals)
FMRFamide ( )

(ii) serotonin analogues

N-Nfethyl 5-HT 
5-Methyltryptamine 
N-Acetyl 5-HT 
5-Methoxytryptamine 
Tryptamine HCl
5.6 Dihydroxytryptamine
5.7 Dihydroxytryptamine 
5-Hydroxyindole 
5-Hydroxytryptophan (5-HTP)
5-Hydroxytryptophan ethyl ester 
5-Benzyloxytryptamine
Amylamine 
Pheny1ethylamine 
Bufotenine 
Gramine 
Bromogramine 
(all Sigma)
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(iii) serotonin antagonists

Cyproheptidine (gift Sandoz Pharmaceuticals)
Methysergide (" " " )
Pitzotifen (" " " )
Lysergic acid diethylamine (" " " )

(iv) octopamine analogues and blockers

Tyramine HCl (Sigma)
Phentolamine (Sigma)
DL-propranolol (Sigma)
Chlordimeform (gift Pfizer Central Research)
Desme thylchlord ime form (" " " " )
Clonidine HCl (gift School of Pharmacology, Univ. of Bath)
Naphazoline H C 1 ( ...........  "  ')
TOlazoline HCl (gift CIBA Laboratories, Horsham)

The hallucinogens lysergic acid diethylamine (LSD) and bufotenine

were used with the authority of Home Office licence no V1612, issued

under the Misuse of Drugs Act, 1971.

Results

General pharmacology of semi-isolated larval heart

When a wide selection of neurotransmitters were presented to the 

semi-isolated larval heart only three drugs were found to be 

stimulatory (Table 3.1). None inhibited the heartrate of the 

preparation.

5-HT and octopamine were the most potent of the agonists;

adrenaline was an extremely weak one (Table 3.1). Both 5-HT and

octopamine increased the rate and amplitude of contraction (Fig 3.1).

Fig 3.2 shows dose-response curves for the effects of 5-HT and

octopamine on the same heart preparation. The two responses, rate and

amplitude are plotted separately.

Serotonin increases the force of the heart's contractions at a 50 
-8 -1ul dose of 10 mol 1 (5 pmol) . The amplitude of contraction

increases with concentration up to a maximum at

lO”  ̂mol 1~^. With greater doses of serotonin the rate
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increases further, but the amplitude of beating declines. This may

be simply because the heart muscle has insufficient time between

beats to contract and relax fully.

There is a dose-response relationship between the rate of

contraction and 5-HT concentration (Fig 3.2). As no obvious maximum

response was seen it was not possible to define the amount of the

indolealkylamine that gives a 50% response. It was not possible to
-3 -1apply doses above 10 mol 1 because of the extremely long-

lasting effects of such large amounts. For these reasons

comparisons will be made of the threshold concentrations required

for a rate response.

Ihe dose-response curves for octopamine show that an application 
-7 -1of 50 ul of 10 mol 1 (50 pmol) induces an anplitude effect
-6 -1and a dose of 10 mol 1 (0.5 nmol) induces a rate response.

The greater sensitivity to octopamine of the amplitude response 

seems to represent a difference between the octopamine and serotonin 

responses. This aspect of the heart's pharmacology was not 

investigated further in the present work.

General pharmacology of the semi-isolated pharate adult heart

This preparation also responds to 5-HT and octopamine. The
-9 -1threshold concentrations required are 10 mol 1 and 

-7 -110 mol 1 (see Fig 3.3). A restricted range of drugs were 

tested on this preparation - only 5-HT, octopamine, acetylcholine

and proctolin and the latter two were found to be inactive.

Pharmacology of octopamine response

A number of compounds that structurally resemble octopamine were 

tested for cardioactivity on the larval heart (Table 3.2).
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The N-methylated analogue DL synephrine was equipotent to

octopamine in stimulating the frequency of contractions (Fig 3.4).
-4 -1The responses to applications of 10 mol 1 of either drug 

were almost identical.

The octopamine biosynthetic precursor tyramine was ineffective 

at the Manduca heart receptor.

Ihree -adrenoreceptor agonists clonidine, naphazoline and 

tolazoline were also tested. Ihe dose-response plots (Fig 3.5) show 

that clonidine was the most effective agonist (threshold 10  ̂

mol 1 ^), naphazoline induced a response at 10  ̂ mol 1

whereas tolazoline only had effects at very high concentrations
- 4 - 3  -1

(10 - 10  ̂mol 1 ^).

Ihe two formamidine pesticide molecules were assayed on the

semi-isolated heart. Only the demethylated chlordimeform had any

effects (Fig 3.6).

Octopamine antagonists

It was not possible to block the octopamine response with either

the o(j-antagonist phentolamine, or p-blocker propranolol; both were
-4 -1superfused at 10 mol 1 .

Structural requirements of the 5-HT receptor at the larval heart

A large number of structural analogues were tested, but only a 

few were able to stimulate the larval Manduca heart assay. None 

reduced the normal rhythmical activity.

Dose-response curves for the active analogues are presented in 

Fig 3.7, 3.8. Each represents comparisons imde on the same heart 

preparation, but assays were done in triplicate to confirm the 

relative potencies of the agonists. For ease of understanding the 

data is summaried below, in the form of tables which indicate the
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thresholds at which these drugs were effective. Those stated to be
-4 -1ineffective were tested up to a concentration of 10 mol 1

Effect of other Aromatic amines

Phenethylamine

Dopamine

Tyramine

Threshold
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Threshold

Histamine

N ___

N

The effectiveness of all of these drugs implies that the 

receptor on the Manduca heart is specific in its requirements for 

the indole nucleus of 5-HT.

Effect of ethylamine analogues

Ethylamine CH3CH2NH3

Amylamine CH3CH2CH2CH2CH2NH3

Effect of indole analogues 

5-Hydroxyindole

Threshold

HOOu
The ineffectiveness of these drugs implies that the receptor on

the Manduca heart demands the combination of an ethylamine side
chain attached to a 5-hydroxyindole nucleus.
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Substitution at or near the 5-hydroxy position

NH
R

R I
R2

Threshold (mol l” )̂

R = CH 5-hydroxytryptamine 10 ̂

R = H Tryptamine 10 ̂

R = CHg 5-methyltryptamine 10 ̂
-5R = OCH^ 5-methoxytryptamine 10

R = OCH^C^H^ 5-benzyloxytryptamine

R^= OH 6-hydroxytryptamine

R = OH
-6R^= OH 5.6 dihydrozytryptamine 10

R = OH

R^= OH 5.7 dihydrozytryptamine

The relative effectivness of these analogues implies that on CH 

group at the 5- position is not an absolute requirement for 

activity. Activity is retained if a non-polar group is

substituted. However the position of the hydroxyl group is 

inflexible.
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Substitution at or near the terminal amino group

CHoCH

Threshold (mol 1"^)

R Ri R2
CH H NH2 5-hydroxytryptamine

OH H N(CH3)2 N-acetyl 5-HT

CH H NHCOCH3 N-methyl 5-HT

OH OOOH NH2 5-hydroxytryptophan

H OOOH NH2 Tryptophan

OH OOOCH2CH3 NH2 5-hydroxytryptophan 
ethyl ester

10

10

-8

-7

Substitution at or near the terminal amino group abolishes 

activity in almost every case. For example, N-acetylation or the 

introduction of a carboxy group (5-hydroxytryptophan) destroys all 

activity. Activity is retained only in the analogues that have been 

methylated - N-methyl 5-HT and bufotenine. This represents steric 

hindrance.

Structural requirements of the pharate adult 5-HT receptor

Although only a few analogues were tested on this preparation 

the relative potencies of 5-HT, N-methyl 5-HT, N-acetyl 5-HT and 

bufotenine imply that the structural requirements for this receptor 
are the same, or at least extremely similar to those for the larval 

receptor (see Fig 3.9).
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5-HT antagonists

None of the antagonists tried (gramine, bromogramine,

cyproheptidine, methysergide or pitzotifen) could block the response

of the larval heart to serotonin, when superfused at 
-4 -110 mol 1 . They also did not stimulate the heartbeat.

Lysergic acid diethylamine (LSD)

Pulses of LSD were without effect on the larval heart (up to
-4 -1 -8 -110 mol 1 ). However when super fused at 10 mol 1 and
-4 -110 mol 1 an increase in heartrate was observed (see Fig 

3.10). That these responses were long-lasting meant it was not 

possible to construct dose-response plots.

Discussion

Problems of comparative cardiac pharmacology

It has already been stated in the first chapter that although 

there are a considerable number of references in the literature to 

the influences of various drugs on insect hearts (reviews Jones, 

1974; 1977) it is rather difficult to formulate generalised

conclusions about the effects of a particular drug.

Evans, (1980) has listed some of the problems that arise with 

attempts to interpret such results. His comments were made with 

reference to the effects of biogenic amines, but may be usefully 

extended to apply to other classes of cardioactive compounds: -

1. Ihe effects observed generally vary with the concentration of 

the compound used and also the species being studied.

2. The complexity of the innervation pattern of the heart in many 

insect species makes it difficult to determine the site of action
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of the applied amines.

3. Many studies have applied biogenic amines, such as adrenaline 

that are not thought to be present in the insect nervous system.

4. In many cases the pharmacology of the responses has not been 

adequately studied, so that the nature of the receptors mediating 

the responses are unknown,

5. There are large differences in the pharmacological 

responsiveness of intact and isolated heart preparations.

6 . The pharmacological responsiveness of the insect heart can 

apparently alter with the age of the insect.

Of these the fourth problem is particularly relevant to this 

discussion. There have been very few investigations of invertebrate 

cardiac p^harmacology which have used more than a handful of drugs 

and the information gleaned has therefore been limited. Only 

studies which employ a number of pxitative transmitters and 

structural analogues and recognised antagonists of these agents can 

yield detailed conclusions about the site of action and 

pjharmacological nature of the receptors present on the muscle.

In view of this the emphasis of this discussion will be on a 

comp>arison of the pharmacology of the larval Manduca heart with 

those few other relevant préparations that have been investigated at 

least to an equal extent.

Another important point is that the different experimental 

designs used to investigate the pharmacology of insect hearts and 

other organs (for instance semi-isolated and fully isolated 

preparations) make it difficult to compare between actual effective 

drug doses. For this reason, the main concern in this account has 

been to determine the relative potencies of the different drugs 

used, rather than absolute concentrations required to elicit their 

effects.
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General pharmacology of the semi-isolated larval Manduca heart

A number of substances which might be supposed likely to be 

cardioactive were tested (Table 3.1) but only the biogenic amines

5-HT and octopamine and some structurally-related conpounds were 

found to affect the heart. Adrenaline only affected the heart at 

very high concentrations.

These typically gave both rate and amplitude responses in a 

dose-dependent manner (see Fig 3.2).

Some of the drugs that were ineffective on the larval Manduca 

heart have been recorded as causing changes in the activity of other 

insect hearts.

ACh excites the heart of Periplaneta americana, but only when 

the cardiac innervation of the semi-isolated preparation is intact 

(Miller and Metcalf, 1968). Sensitivity was abolished when the 

lateral cardiac nerves were removed, suggesting that ACh acted at a 

neural site rather than direct upon the myocardium. ACh did not 

affect the Manduca larval heart. The semi-isolated preparations 

used in the present work were denervated and therefore any 

possibility of the heartbeat being affected by presynaptic 

interactions was excluded.

Dopamine was not effective on the Manduca heart, but Collins and

Miller, (1977) found that it could excite the segmentally innervated

dorsal vessel of Periplaneta americana. Its potency was only one

seventy-fifth that of 5-HT. In this case dopamine might have been

acting at either the myocardium or the segmental nervous supply.

Although Collins and Miller, (1977) distinguished the sites of

actions of 5-HT and octopamine by the differential effects of an

antagonist (501 cc - Wellcome) there was no attempt to block the

effects of dopamine. Therefore dopamine could have been effective
44



in the cockroach at either the 5-HT or the octopamine receptor sites 

or perhaps at a completely separate receptor.

The actions of GABA and glutamate at insect skeletal 

neuromuscular junctions are well established (Usherwood, 1975) but 

there is no convincing evidence of either of the two amino acids 

affecting cardiac muscle. Certainly Miller and Metcalf, (1968)
_3found both were inactive on the heart of Periplaneta at 10

-1 -4 -1mol 1 . In the present work 10 mol 1 solution was

without effect on the Nbnduca larval heart.

The pentapeptide proctolin, which was initially isolated on the 

basis of its ability to cause contractions of the hindgut 

musculature of the cockroach Periplaneta americana (see Chapter V) 

also affects the heart activity of the same species (Miller, 1979). 

The peptide increased both the amplitude and rate of contraction of 

the semi-isolated dorsal vessel.

In contrast proctolin is without effect on the semi-isolated 

heart of the horsefly Tabanus (Cook and Meola, 1983) and the 

isolated adult Nfanduca heart (Tublitz and Truman, 1980). Proctolin 

was similarly ineffective on the larval Manduca heart.

Another peptide that was tested, but found to be ineffective on 

the Manduca larval heart, was the molluscan IMRFamide. This was 

originally isolated on the basis of its ability to cause 

cardioacceleration in the clam Mercenaria (Price and Greenberg,

1977) although it seems that it is not a general molluscan 

cardioexcitor, since some species are unresponsive to it (Painter 

and Greenberg, 1982; - see Chapter V). As far as I am aware there 

are no reports of FMRFamide's activity on any invertebrate tissues 

otiier than molluscan ones.
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The semi-isolate pharate adult Manduca heart

The pharmacology of the pharate adult heart was apparently 

identical to the larval one, as regards the drugs tested. The 

threshold response to 5-HT was half the 1 pmol reported by Tublitz 

and Truman, (1980) . This probably reflects a procedural difference 

in the bioassay technique.

Because of the similarity of the responses the remainder of the 

discussion will be confined to the studies of the larval Manduca 

preparation.

Aminergic pharmacology of the semi-isolated larval heart

The pharmacological properties of the two stimulatory biogenic 

amines will be considered here separately although it is recognised 

that octopamine and 5-HT could be acting at the same receptor. The 

failure to block the responses to either meant this possibility could 

not be excluded.

Octopamine Manduca receptor

DL octopamine and its N-methylated analogue, DL synephrine

increased the rate and force of beating of the Manduca heart. The 
-7 -1thresholds were 10 mol 1 for each. Three other

OC-adrenoreceptor agonists, clonidine, naphazoline and tolazoline had 

the same effects (thresholds 10 10 10  ̂mol 1 ^).

However the octopamine-induced response could not be antagonised 

by either the cCradrenoreceptor blocker phentolamine or the 

p-adrenoreceptor blocker propanolol. A characteristic of octopamine 

receptors studied in insects, crustacea and molluscs is that they can 

be specifically blocked by phentolamine (Evans, 1980; 1981). This 

means the receptor at the Manduca heart with which octopamine
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interacts differs significantly from those previously described as 

octopaminergic. It may be that octopamine is acting at a totally 

different pharmacological class of receptor.

Synephrine and octopamine also stimulated the semi-isolated 

Periplaneta heart (Collins and Miller, 1977) at which synephrine was 

eight times as potent as octopamine. The biosynthetic precursor 

tyramine (non B hydroxy la ted) was also a weak agonist, but was fifty 

times less active than synephrine (Collins and Miller, 1977). 

Tyramine was not effective on the Manduca heart.

The modulatory effects of octopamine in insects are best 

understood at the extensor tibiae muscle of Schistocera americana 

gregaria (sunmarised in Evans, 1980). This muscle is innervated by 

a single D octopamine-containing dorsal unpaired median cell 

(DLiyETi - Hoyle, 1975). Three responses have been recognised when 

either DUMETi is stimulated or exogenous octopamine applied:- 

a) the inhibition of the myogenic rhythm of a proximal bundle of

fibres in the muscle, b) the potentiation in the amplitude, or c)

the increase in relaxation rate of twitch tension induced by firing 

the slow motorneuron SETi. The differential effectiveness of 

agonists and antagonists established that there are at least three 

pharmacologically distinguishable populations of octopamine 

receptors associated with mediating these three responses (Evans, 

1981).

Clonidine was more effective than naphazoline at the myogenic 

bundle receptors (designated as octopamine 1 receptors). By

contrast naphazoline was more potent than cloridine at the receptor 

involved in the increase in amplitude of twitch tension (octopamine 

2A receptors). A third agonist, tolazoline, was most potent at

receptors post synaptic on the muscle fibres that control the rate
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of relaxation of twitch tension (octopamine 2B receptors). The 

relative effectiveness of clonidine, naphazoline and tolazoline (at 

the Manduca heart (Fig 3.2) would indicate that the receptor with 

which octopamine interacts on the Manduca heart more closely 

resembles Üie octopamine 1 receptor, rather than the others. It is 

interesting that activation of this receptor inhibits the myogenic 

rhythm in the locust muscle, but potentiates that of the Manduca 

heart.

The extensor tibiae preparation is not only affected by

octopamine. 5-HT has an effect opposite to that of octopamine; it

increases the frequency of the rhythm of the myogenic fibres. This

response can be specifically blocked by gramine (Evans and O'Shea,
-6 -11978). Yet high concentrations of octopamine (10 mol 1 ) can

also activate the aminergic acceleratory receptor and conversely
-5 -4 -1large doses of 5-HT (10 10 mol 1 ) can increase the rate

of relaxation of twitch tension. In the latter the response could

only be antagonised by the oC-adrenoreceptor blocker phentolamine

(and not by gramine) which strongly suggested that 5-HT was acting

as an agonist of a pharmacologically-de fined octopamine receptor.

Thus in the locust, 5-HT and octopamine can each act at the other

amines receptors. The results obtained here with the larval Manduca

heart may well be best explained by the hypothesis that octopamine

is acting at a typical 5-HT receptor.

Responses to Chlordimeform pesticides

The formamide pesticide chlordimeform (COM) did not affect the 

Manduca heartbeat, but its demethylated derivative DCDM was a 

powerful agonist, being as potent as octopamine.

Work on the firefly light organs (Hollingworth and Murdock,
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1980) and the locust extensor tibiae muscle (Evans and Gee, 1980) 

indicates that the formamidines produce at least some of their 

effects by interacting with octopamine receptors. It seems very 

likely therefore that at the Manduca heart DCDM is acting at the 

same receptor as does octopamine, but as has been stressed already, 

it has not been possible to demonstrate that this receptor is a 

'true' octopamine receptor (because of the failure to antagonise 

with phentolamine). The similarity between the structures of 

octopamine and DCDM (see Fig 3.2) means DCDM could easily mimic 

octopamine by binding at the same receptor, but this could be of a 

' non-octopamine ' type.

There is a discrepancy between the effectiveness of DCM at the

locust extensor tibiae and the Manduca heart. No effects were seen
-3 -1at the latter with doses up to 10 mol 1 ; at the former it

was an agonist, though an order of magnitude less potent than DCDM 

(CDM threshold 10  ̂ mol 1 ^). This could be explained if the 

kinetics of the interaction between CDM and the receptor is much 

slower than that between DCDM and the same receptor. The 

pul se-application of CDM could may well mean it is washed off before 

it can activate the receptor. Evidence supporting this idea is 

provided by the observation that responses of the extensor tibiae 

muscle take longer to reach a maximum when stimulated with CDM, than 

with octopamine (Evans and Gee, 1980).

The pharmacology of the 5-HT response of the Manduca heart

The experimental rationale of this work was that the screening 

of some structurally-related serotonin analogues for cardioactivity 

would indicate which particular regions of the molecule, if any, are 

required for biological activity.
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The 5-HT molecule consists of an indole ring nucleus with an 

ethylamine chain connected at the 3-position and a hydroxyl group at 

the 5- position.

The most striking observation from the results of this work is 

that only a small number of 5-HT analogues are active at the Manduca 

heart, from which it may be inferred that only these are able to 

interact successfully with the receptor. The structural 

requirements of the receptor apparently demand the ligand has a 

positively charged amino side chain attached to a 5-hydroxyl indole 

nucleus. However the hydroxyl group is not absolutely critical as 

some activity is retained in its absence, or if it is replaced by a 

non-polar group. Importantly none of the analogues were as potent 

as serotonin itself.

Only in a few other studies have serotonin-sensitive insect 

preparations been exposed to a large number of analogues (see 

below). According to the extent of the range of effect agonists 

these preparations appear to fall into two groups; one accepts a 

wide range of structural analogues; the other only a very restricted 

number. It is into the second category that the Manduca 5-HT 

receptor falls.

Accept wide range of ligands 

Calliphora salivary gland

(Berridge, 1972)

Rhodnius integument

(Reynolds, 1973)

Accept limited range of ligands 

Rhodnius malpighian tubules 

Carausius malpighian tubules

(Maddrell et al, 1971) 

Manduca heart

(present work)

This means that the requirements of the Manduca receptor are
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more stringent than those of the Calliphora salivary gland or 

Rhodnius integument. With only a couple of exceptions, which will 

be discussed, the analogues capable of accelerating the Manduca

heart were the few able to stimulate fluid secretion by the Rhodnius

and Carausius malpighian tubules (Maddrell et al, 1971).

A large number of 5-HT analogues that did not affect the Manduca 

heart did increase the rate of fluid secretion by the Calliphora 

salivary gland (Berridge, 1972).

The 5-hydroxy indole nucleus and ethylamine side chain were 

ineffective when presented alone to the salivary gland (as they were 

at the Manduca heart) but an extension of the side chain (Amylamine) 

possessed significant activity. This molecule did not affect the 

Manduca heart.
Replacement of the indole ring with either an imidazole ring

(histamine) or a benzene ring (phenyle thy lamine) produced species 

that were very much less potent, but could stimulate maximally at 
high concentrations. Both of these did not increase the Manduca

heartbeat. Deletion of the hydroxyl group (tryptamine) or 

replacement (5-chloro, 5-methoxy, 5-methyl) lowered but did not 

abolish activity. This was also the case when the position of the 

OH group was changed (4-HT, 6-HT). At the Manduca receptor all of 

these had either greatly reduced activity, or were totally inactive 

(at 10  ̂mol 1 ^).

The terminal amino group of the side chain was essential for 

full activity; either steric hindrance (bufotenine) or disturbing 

the change distribution (N-acetyl 5-HT, 5-HTP) reduced the affinity 

but biological activity was still retained.

From tnese results Berridge, (1972) proposed that the 5-HT 

receptor on the Calliphora salivary gland has an anionic site that
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interacts with the nitrogen group of the side chain and a 

hydrophobic region which accepts the indole ring. There is a 

concentration of charge on the periphery of this that has an 

affinity for the hydroxyl group. The specificity of the Calliphora 

receptor for 5-HT is apparently determined by hydrogen bonding 

between the OH group and the receptor, the acceptance of the indole 

ring and the positively charged nitrogen on the ethylamine chain 

which induces the hormonal effect.

In common with all the other examples of insect 5-HT receptors 

shown in the table above, the presence of a positive amino group 

seems critical for a successful interaction with the Manduca heart 

receptor. Disturbance by the carboxy group of 5-HTP makes it 

inactive (as it is at the Rhodnius and Carausius receptors). Steric 

hindrance, as in the N, N-dimethylated derivative bufotenine lowers 

activity. This analogue was very active at the Rhodnius and 

Carausius receptors. N-acetyl 5-HT was inactive at both the Manduca 

and Carausius receptors but could weakly activate the Rhodnius 

receptor. This suggests a degree of difference between the 5-HT 

receptors on the two malpighian tubules.

The distance between the amino group and the indole ring is 

important, for extension of the chain (gramine) leaves the molecule 

inactive on the Manduca heart.

The requirements of a hydroxyl group at the 5- position of the 

agonist is not so absolute for the Manduca receptor as it is at the 

Rhodnius and Carausius receptors (Maddrell et al, 1971). In the 

latter the loss of this group causes the loss of all activity as 

does substitution, as in 5-methyl and 5-benzyloxytryptamine. At 
the Manduca receptor tryptamine is slightly active, but 1000 fold 

less than 5-HT. However substitution with methyl or inethoxy groups

52



gives molecules which possess stimulatory activity.

5-benyloxytryptamine was inactive.

The position on the indole ring of the OH group seems vital;
6-HT is inactive at the Manduca receptor as it was at those of 

Rhodnius and Carausius (Maddrell et al, 1971). This centre of 

charge at the 5- position must not be disturbed - for of the two 

analogues tested that have a second hydroxyl group attached only the 

one where the second OH is positioned alongside the existing CH (5.6 

CHT) was an agonist. 5.7 DHT was inactive. It is likely that in

5.7 DHT this charge at the 5- position is distorted by the second 

hydroxyl, but in 5.6 DHT there may still be sufficient charge 

density on the 5 carbon to allow interaction with the receptor.

Td summarise the Manduca heart serotonin receptor resembles 
reasonably closely those of the Rhodnius and Carausius malpighian 

tubules in that a positive amino side chain attached to an indole 

ring nucleus is required, but the Manduca receptor is less strict 

about the need for the 5-hydroxyl group. Such analogues are however 

far less potent than serotonin. The serotonin receptors of the 

Manduca heart is quite different from that of the Cailiphora 

salivary gland and the Rhodnius integument.

Serotonin antagonists

The failure to find a specific pharmacological antagonist to the 

response was a great disappointment. This inability to block with a 

recognised 5-HT antagonist meant that it could not be ascertained if 

5-HT and other agonists were acting at the same receptor site.

A specific reversible antagonist is a powerful pharmacological 

tool, especially where discrimination between an unidentified and 

known agent is demanded. A good example of this is seen in the work
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which eventually led to the identification of EMRFamide. Ihat 

methysergide could inhibit the 5-HT response of several molluscan 

hearts, but not those to nervous system extracts was an early 

indication that these endogenous substances might be peptides and 

not amines.

However there are no universally recognised antagonists for 

distinguishing between different types of 5-HT receptor (see Leake 

and Whlker, 1980) and it may be that drugs which were not tested in 

the present work could provide the antagonism that was sought. 

Unfortunately other potential antagonists were not available for 

study.

It is well established that lysergic acid diethylamide (LSD) can 

act at some 5-HT receptors in both vertebrates and invertebrates 

(Leake and Walker, 1980). In the vertebrate CMS the effects of LSD 

have been identified as being both an agonist and an antagonist to 

5-HT (Boakes et al, 1970; Brawley and Duffield, 1972) and 

peripherally it is principally a blocker.

Despite some examples of LSD acting antagonistically to 5-HT (as 

at the crustacean heart - Cooke, 1966), LSD most often mimics the 

effects of serotonin in invertebrates (Leake and Whlker, 1980). On 

both the Cailiphora salivary gland (Berridge and Prince, 1974) and 

heart of Venus mercenaria (Greenberg, 1960) LSD is an agonist but 

not at the Rhodnius and Carausius malpighian tubules (Maddrell et 

al, 1971).

At the Cailiphora receptor LSD could induce fluid secretion at 

concentrations below the threshold for 5-HT stimulation, but its 

actions differed in that at concentrations sufficient for maximum 

secretion it remains tightly bound to the receptor. A normal rate
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of secretion returns after only 120 mins of washing compared with

the 2 mins it takes to reach the basal rate after removing 5-HT

(Berridge and Prince, 1974). This slow recovery from LSD

stimulation was explained by supposing that LSD remained attached to

the receptor for long periods of time and that the susceptibility to

very low doses of LSD was a consequence of a gradual accumulation of

successful ligand-receptor interactions (Berridge and Prince, 1974).

Ihe effects of LSD on the Venus heart (Greenberg, 1960) were

essentially the same; for although concentrations as low as 10

mol 1 ^ excited the preparation, the response could take up to 4 h

to reach its maximum extent.

The intereaction between the Manduca heart receptor and LSD is

similar to both of these. Pulsed applications of LSD (for example 
-4 -150 ul of 10 mal 1 ) such as were routinely used for the

testing of other agonists, did not affect the heart because the slow

kinetics of the interaction meant the LSD was washed away by the

saline perfusion. However when continuously superfused (eg. at

1 0 ^ mol 1 )̂ a response did appear and with higher doses 
-4 -1(10 mol 1 ) this could not be reversed by washing for up to

2 h (Fig 3.10).

Are 5-HT and/or octopamine likely regulators of the Manduca heart 

in vivo?

5-HT has pronounced pharmacological effects on a number of 

insect muscle preparations, including cardiac muscle (review Cook 

and Holman, 1979; Evans, 1980; Cook, 1984) but there is no 

conclusive evidence for a physiological role for 5-HT in the control 

of any insect visceral muscle. Pharmacological results only suggest
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what kind of molecules may be acting hi vivo.

It is interesting that at those insect 5-HT receptors which 

accept a wide range of structural analogues (see table above), 

serotonin is strongly indicated to be the physiological regulator. 

Recently almost conclusive evidence has been provided to support the 
hypothesis that 5-HT acts as a circulating hormone to control 

salivation in Cailiphora erythocephala (Trimmer, 1983). On the 

other hand for the example of a serotonin receptor that is very much 

more stringent in its requirements (that of the Rhodnius malpighian 

tubule) the evidence is the agent normally effective vivo is a 
peptide (Aston and Hughes, 1980; Mordue and Morgan, 1984). It would 

also seem very likely to be the case that the Manduca heart the 

amine could be acting at a peptide receptor.

An obvious requirement for 5-HT involvement in the physiological 

control of heart activity would be its presence in the 

nervous/endocrine system. Ihe amounts of 5-HT present have been 

quantified in a number of insects including Periplaneta americana 

(Kusch, 1975), Schistocerca gregaria (Kleman and Axelsson, 1973), 

Locusta migratoria (Hiripi and S. Rozsa, 1973) and Cailiphora 

erythrocephala (Trimmer, 1983). Maxwell et al, (1978) have 

demonstrated the 5-HT-synthesising capacity of the CMS of Manduca 

sexta but the actual levels have not been measured.

The distribution of serotonin within the nervous/endocrine 

system will be of critical importance in an argument for aminergic 

heart regulation. Hiripi and S. Rozsa, (1973) showed 5-HT at a 

concentration of 2.69 ug/g wet weight in the heart of Locusta 

migrator ia and Gersch et al, (1974) found it in the lateral cardiac 

nerve cord of Blaberus craniifer, but this is the extent of the 

evidence for the association of 5-HT with the insect
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cardioregulatory system.

Particularly there have been no published attempts to identify, 

describe and manipulate aminergic networks in the cardiac 

innervation. In some molluscs such studies have been very 

supportive for the hypothesis of serotonergic control of the heart 

(see Leake and Whlker, 1980). Fbr example in Aplysia, Liebeswar et 

al, (1978) identified a serotonin-containing cell (RB cell) 
which excited the heart when stimulated and was able to metabolise 

injected labelled 5-HTP into tritiated 5-HT.

Isolated crustacean hearts are sensitive to octopamine, but 

there is no evidence for physiological regulation other than 

indirect results which show octopamine circulates in the blood as a 

hormone (Florey and Rathmayer, 1978).
As has already been discussed the only well understood role for 

octopamine in modulation of muscle activity is at the locust 

extensor tibiae muscle. This example exemplifies the need for 

integrated pharmacological, physiological and anatomical studies.

In this investigation of substances that might be regulating the 

caterpillar heart, it was now decided to investigate the existence 

of endogenous cardioactive factors. This would indicate if they are 

amines, or a different class of transmitter.
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Putative Regulator Cardioactivity Threshold (mol 1 )̂

Acetylcholine Inactive

Adrenaline Active 10-4

Noradrenaline Inactive

Glutamate Inactive

Gaba Inactive

Serotonin Active 1 0"®

Octopamine Active 10-7

Proctolin Inactive

FMRFamide Inactive

Table 3.1 Ihe effect of vatious neurotransmitters

the semi-isolated larval Manduca heart. The 

threshold represents the concentration at 

which a response (see text) was first seen.

Inactive drugs were tested up to
-4 -110 ^ mol 1
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-6Fig 3.1 The effect of serotonin (50 ul of 10
-1 -5mol 1 -A) and octopamine (50 ul of 10

mol 1 ^-B) on the semi-isolated larval

heart.

The time bar represents 30 sec.
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Fig 3.2 Dose-response curves for the effects of

serotonin (A) and octopamine (B) on the 

semi-isolated larval heart. The upper panel 

shows the amplitude response; the lower 

panel shows the rate response. Each point 

represents the mean of at least three 

applications.
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Fig 3.3 Dose-response curves for the effects of
serotonin (A) and octopamine (B) on the rate 
of contraction of the semi-isolated pharate 

adult heart. Each point represents a mean 

of at least three applications.

61



ruce

300

200

100

-  10
10 10

- 8
10 10

-7 -6
10 10

-5
10



For figures 3.2-3.9 the horizontal axis is moles per litre

Table 3.2 The threshold doses for octopamine and 

structurally related compounds on the 

semi-isolated larval heart.
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Octopamine
OH

Threshold (mol 1~^)

10-7

HO

NH,

Synephrine OH 10-7

HO

NH
CH;

DCDM 10-7

Cl

CDM

Cl

CH N=CH

CH N=CH

NH
CHa

N
CH;

Clonidine

Naphazoline

r
10-7

10-6

Tolazoline 10-4
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Fig 3.4 Dose-response curves for the effects of DL

octopamine (A) and DL synephnine (B) and 
adrenaline (C) on the rate of contraction of 

the semi-isolated larval heart. Each point 

represents the mean of at least three 
applications.
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Fig 3.5 Dose-response curves for the effects of
clonidine (A), naphazoline (B) and 

tolazoline (C) on the rate of contraction of 

the semi-isolated larval heart. Each point 

represents the mean of at least three 

applications.
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Fig 3.6 Dose-response curves for the effects of

demethyIchlordimeform (A) and chlordimeform 
(B) on the rate of contraction of the 

semi-isolated larval heart. Each point 

represents the mean of at least three 

applications.
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Fig 3.7 Dose-response curves for the effects of

5-hydroxytryptamine (A), 5.6-dihydroxytryptamine

(B), 5-methyl tryptamine (C), tryptamine (D) and 
5-methoxytryptamine (t) on the rate of 
contraction of the semi-isolated larval heart. 

Each point represents the mean of at least three 
applications.

66



300

oc
2 00

100

10
- 7 -6

10 10 10
- 5

10



Fig 3.8 Dose-response curves for the effects of

5-hydroxytryptamine (A), N-methyl

5-hydroxytryptamine (B) and bufotenine (C) 

on the rate of contraction of the 

semi-isolated larval heart. Each point 

represents the mean of at least three 

applications.
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Fig 3.9 Dose-response curves for the effects of

5-hydroxytryptamine (A) , N-methyl

5-hydroxytryptamine (B), bufotenine (C) 

and N-acetyl 5-hydroxytryptamine (D) on 

the semi-isolated pharate adult heart. 

Each point represents the mean of at least 
two applications.
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Fig 3.10 The effect of super fusion of lysergic acid
diethylamide at 10 ^ mol I ^ (A) and

10 ^ mol 1 ^ (B) on the activity of the

semi-isolated larval heart.
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Chapter IV: Endogenous Cardioactive Factors in 

the larva of Manduca sexta

Introduction

Using the semi-isolated heart assays the amount, distribution 

and nature of endogenous cardioactive factors were studied.

Materials and Methods

Semi-isolated larval and pharate adult heart assays. These were 

set up as described in Chapter II.

Preparation of extracts

Tissues were removed from water-anaesthetised larvae (feeding 

fifths, 8-10 g) , washed in Manduca saline and stored on ice in 

polypropylene tubes, before being hand homogenised in 2 0 - 1 0 0 0 ul of 

the same solution using a small all-glass tissue grinder (Bolab). 

The extracts were briefly sonicated (1 min; MSE Soniprep 150 fitted 

with 3 mm probe, amplitude set at 10 um) and centrifuged (3 min, 

approximately 900 x g; Eppendorf 5412). The resulting supernatant 

was assayed for cardioactivity. Where required, tissues were 

dissected from pharate adults and prepared in a similar way.

Stability of endogenous cardioactive substances

Our initial survey of its distribution revealed a high 

concentration of cardioactivity in the ANC. Therefore further 

experiments on its properties were confined to this tissue.

Crude saline extracts of ANC were heated to 100° C in a water 

bath for 10 min. The boiled extracts were then subjected to 

bioassay and quantitatively compared with control extracts kept on 

ice for the same length of time. 70



Solubility and stability in organic solvents was assessed by 

homogenising ANS in various solvents using exactly the same 

procedure as described above for saline extracts. In this case, 

following centrifugation, both the supernatant and the pellet were 

recovered. The pellet was re-extracted with solvent, and the 

supernatants combined and dried under a stream of nitrogen. 

Solvents used were as follows: methanol, acetonitrile (both

Blackford Wells, HPLC grade), chloroform, ethyl acetate, n-butanol, 

hexane (all BDH).

Gel filtration chromatography

1 ml aqueous extracts of ANC were stabilised by boiling for 2 

min, before being sonicated and centrifuged as before. The 

supernatant was layered directly onto the bed of a 90 x 1.0 cm 

column of Sephadex G-25 (Pharmacia), dry bead size 20-80 um. A 

1 mol/ 1 aqueous solution of acetic acid was punped at a rate of 
3.8 ml/h, and 2 ml fractions were collected in glass tubes. A uv 

monitor allowed a continuous record to be made of the eluate's 

optical density at 280 nm. All separations were effected at room 

temperature.

Separations were also made on a column (90 x 1 cm) of Sephadex 

G-15 (Pharmacia), dry bead volume 40-120 um. As before, the column 

was eluted with 1 mol/1 acetic acid pumped at 3.8 ml/h and 2 ml 

fractions were collected. The fractions were processed in exactly 

the same way.

Fractions were lyophilised and resuspended in Manduca saline for 

bioassay. The quantity of cardioactive material recovered in each 

fraction was estimated by comparison within the same bioassay with 

the activity of a standard extract which contained the equivalent of 

1 ANC/ml.
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The characteristics of the columns required for estimation of 

molecular weight were determined using the following standards: 

bovine serum albumin (Sigma), insulin A - chain (Sigma), bacitracin 

(Sigma), vitamin B12 (Sigma), reduced glutathione (Sigma), sodium 

azide (BDH). The following were also run on the G-15 column for 

comparison with the endogenous cardioactive factors: serotonin

oxalate salt (Sigma), DL-octopamine HCl (Sigma), proctolin 

(Cambridge Biochemicals),

The endogenous cardioactive material was also subjected to 

cation exchange chromatography. For this, the active fractions 

eluted from Sephadex G-15 as above were combined, lyophilised and 

taken up in 0.05 mol/1 ammonium acetate, (ph 8.5), before being 

loaded onto a column (20 x 1 cm) of SP-Sephadex (Pharmacia), dry 

bead size 40-120 um. The column, which had been equilibrated with 

0.05 mol/1 ammonium acetate (pH 8.5), was first washed with 50 ml of 

the same buffer pumped at 38 ml/h, and then eluted at the same rate 

with a linear gradient of 0.05-0.5 mol/1 ammonium acetate (pH 8.5) 

in a total volume of 100 ml. Fractions of 3.8 ml were collected, 

being lyophilised, resuspended in saline and assayed as before. In 

a separate experiment 1 ml of a 0.5 mg/ml aqueous solution of 

DL-octopamine HCl was applied to the same column and eluted in 

exactly the same way.

Reverse phase high performance liquid chromatography

A preliminary clean-up of the extracts was necessary before 

RP-HPLC. The procedure eventually adopted was as follows. Nervous 

tissue, extracted in methanol (Blackford Wells, HPLC grade) as 
above, and dried under nitrogen, was vortexed in 1 ml of distilled 

water and injected swiftly onto a pre-wetted C-18 Sep Pak cartridge
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(Waters) with a Luer-fitting syringe. Successive washings of the 

Sep Pak with 1 ml of water and 2 ml of methanol were retained 

separately and dried (either under nitrogen for methanol or 

lyophilised for water) for assay or further purification.

RP-HPLC separation used a Gilson computer controlled gradient 

system with two 302 pumps. The column was a C-18 Spherisorb 5 um 

CDS (25cm) (Anachem). The solvents used to mix the gradient were 

millipore-filtered, double-distilled water containing 0 .1 % 

trifluoroacetic acid (TFA; Pierce, Sequanal grade), and acetonitrile 

(Blackford Wells, HPLC grade), also containing 0.1% TFA. Mobile 

phase was punped at 1 . 0 ml/min, and optical density was monitored at 

210 nm. Fraction size was either 1 ml or 0.2 ml. The fractions 

were frozen on dry ice before lyophilisation.

Proteolytic digestion and other treatments

In an initial experiment, an unpurified saline extract prepared 

as above was incubated with a 0.1 mg/ml solution of a broad spectrum 

pro tease from S. griseus (Sigma Type XIV) for 3 h at 38° C. The 

reaction was terminated by boiling for 5 min and centrifuging. 

Remaining cardioactivity was assayed in the usual way, and compared 

with activity in a control extract which had been incubated with 

preboiled (15 min) enzyme.

Subsequently, enzyme experiments used RP-HPLC purified material 

(CAF 2). Each incubation used an amount equivalent to that 

originally present in 5 ANC, as determined by bioassay of the 

purified peptide.

Incubation with S. griseus protease was as before.
For treatment with trypsin, CAF 2 was taken up in 100 ul of

Manduca saline. To this was added 900 ul of 0.1 mg/ml TPCK trypsin

in<
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reaction was terminated by injection onto a C-18 Sep Pak, and the 

cardioactive material was eluted in the manner described earlier. 

As a control, 0.2 mg/ml lima bean trypsin inhibitor (BEH) was 

initially added to an otherwise identical incubation mixture.

Treatment with o6 *chymotrypsin (0.2mg/ml; Sigma) was as for 

trypsin except that a 0.1 mol/1 phosphate buffer, pH 7.8, was used. 

The control was a parallel incubation with enzyme previously boiled 

for 15 min.

For treatment with pepsin (0.1 mg/ml; Sigma) conditions were as 

for oCrchymotrypsin except that the incubation was performed in 

1 mol/1 HCl.

RP-HPLC purified CAF 2 was also subjected to a number of 

chemical treatments designed to provide further information about 

its likely nature.

For per formic acid oxidation, 900 ul of 98% formic acid were 

mixed with 100 ul of 30% v/v hydrogen peroxide and left to 

equilibrate at room temperature for 1 h. This was then cooled on 

ice, added to a dry sanple of CAF 2 in a siliconised glass tube, 

vortexed, and put back on ice. After 30 min, 100 ul of 30% v/v 

hydrogen peroxide was added, vortexed and replaced on ice for a 

further 30 min. The mixture was then frozen and lyophilised before 

bioassay. The control utilised the same procedure except that 

hydrogen peroxide was not included.

Cyanogen bromide treatment was as follows. 500 ul of a 5 mg/ml 

solution of cyanogen bromide in 90% formic acid was added to CAF 2 

dried down in a siliconised glass tube. The reaction was terminated 

after 2 h at 38° C by injection onto a C-18 Sep Pak as previously 

descr ibed.

For treatment with fluorescamine, a sample of CAF 2 was

dissolved in 50 ul of 0.1 mol/1 sodium borate solution in a
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siliconised glass tube. This was held on a vortex mixer while 10 ul 

of fluorescamine solution (0 . 2 mg/ml in acetone) was added from a 

microsyringe. The mixture was then diluted with 0.5 ml of Manduca 
saline and injected onto a C-18 Sep Pak, which separated the 

cardioactive principle from the unreacted reagents.

Results

Extracts of Manduca CNS contained cardioactive material. The 

characteristic response of the myocardium was an increase in both 

rate and amplitude of contraction (ie. positive chronotropic and 

inotropic responses). This is shown in Fig 4.1. A few preparations 

showed only rate responses, with no change in the amplitude of 
beating. For this reason, the cardioactive content of each sample 

was quantified by comparison of the rate of contraction during the 

first minute following application of a test sanple with the rate 

during the minute preceding it. A 50% increase over the 
unstimulated rate was defined as one unit of cardioactivity. 

Typically, this was the equivalent of approximately 0.02 ANC. The 
response was dose-dependent although usually we did not see a 

plateau on the dose-response curve when high doses were given. Such 

large doses (in excess of 5 units) gave very long-standing responses 

and were avoided in our experiments. A typical dose-response curve 

is shown in Fig 4.2. The assay proved capable of clearly detecting 

0.5 unit of cardioactivity when this was applied in 50 ul of extract.

Distribution of cardioactivity in the CNS

Table 4.1 shows that while the cardioacceleratory principle(s) 

was widespread in the CNS of the caterpillar, it was concentrated in 

the abdominal ganglia, which accounted for about 60% of the total
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activity. For this reason, subsequent investigation of the nature 

of the cardioactive factor(s) was confined to the abdominal nerve 

cord (ANC).

There is reason to suppose that cardioactive material might be 

present not only in the ganglia of the CNS but also in the abdominal 

transverse nerves that supply the heart. We found that extracts of 

these nerves were capable of stimulating the caterpillar's heart 

(Table 4.1). The nerves from one animal contained 7.2 units of

cardioactivity. Since we found it very difficult to be sure that

our preparations included the whole lengths of all the transverse 

nerves, this must be regarded as a minimum estimate. Notably,

cardioactive material was also found in extracts of a neurohaemal

structure, the corpora cardiaca/corpora aliata, and in two 

structures that innervate the gut - the proctodeal nerves and the 
frontal ganglion (Table 4.1). Although the quantities in these 

structures were not large, when the small size of these structures 

is considered, it is clear that their specific content of 

cardioactive material is considerable.

Stability and solubility of endogenous cardioactivity

The cardioacceleratory activity in ANC extracts was found to be 

stable to boiling, at least for short periods. There was no 

appreciable loss of activity after 10 min at 100° C (Fig 4.3A) .

Of the various organic solvents investigated, only methanol was

an effective solvent for the cardioactive material present in the

ANC. Methanolic extraction gave a recovery similar to that obtained

by saline extraction (Fig 4.3B). Acetonitrile was not a useful

means of extracting the cardioactive principle (s) from the ANC (Fig

4.3C). As will be seen later, this did not prevent acetonitrile

from being a useful solvent in RP-HPLC. Various other solvents
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(chloroform, ethyl acetate, n - butanol, hexane) did not extract 

detectable amounts of cardioactivity from the ANC.

Gel filtration chromatography

TWO distinct peaks of cardioacceleratory material were recovered 
from separations on Sephadex G-25 of larval ANC extracts (Fig 4.4) .

named these cardioactive factors 1 and 2 (CAF 1 and CAF 2). None 

of the eluted fractions contained cardioinhibitory activity.

According to the manufacturer, Sephadex G-25 separates molecules 

with an upper size limit of approximately 5000 dal tons. CAF 1 was 

eluted in the inclusion volume of the column and is therefore likely 

to have a molecular mass of less than this. Calibration of the G-25 

column with molecular weight standards (Fig 4.5) suggested that CAF 

1 has a molecular mass of about 4000.

Chromatography of ANC extracts on Sephadex G-15 also separated 

t̂fK> peaks of cardioactive material (Fig 4.6), giving Improved 

separation. In this case, CAF 1 eluted in the large molecule peak, 

but CAF 2 was included, and thus an estimate of molecular weight 

could be made. Calibration of the column suggests that CAF 2 has a 

molecular mass of about 350 (Fig 4.7), but because the elution 

characteristics of a compound within this range are determined not 

only by molecular size, but also by its chemical nature, all that 

can safely be deduced is that CAF 2 is likely to be a molecule of 

molecular mass less than about 1 0 0 0 .

The totial cardioactivity recovered from the column was about 50% 

of that loaded, and was distributed as approximately 35% CAF 1 and 

65% CAF 2. When rechromatographed separately on the same column, 

CAF 1 and CAF 2 eluted in the same positions as before, which 

demonstrates that the two factors are different and not simply

artifacts of the separation procedure.
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When ANC of pharate adult moths were extracted and run on the 

same column of Sephadex G-15, only one peak of cardioactive 

material, corresponding to CAF 2, was recovered (Fig 4.8). 

Interestingly, the semi-isolated adult moth heart did not respond to 

CAF 1, even when this was given in quite large quantities. On the 

other hand, the moth heart was quite sensitive to CAF 2, whether 

this was prepared from larval or adult ANC. These results suggest 

that while CAF 2 is common to both caterpillar and moth, CAF 1 is 
present only in the larva.

It may be noted in passing that all separations of CNS extracts 

were characterised by the presence of a large peak of material which 

absorbed strongly at 280 nm, and which eluted at a volume 

substantially greater than the total bed volume (ie. was retarded). 
The identity of this material, which was also extracted from the CNS 

by methanol, is unknown. It was not cardioactive.

The caterpillar heart is sensitive to the biogenic amines 

serotonin (5-hydroxytryptamine) and octopamine (see Chapter III). 

We wished to know if either CAF 1 or CAF 2 might be one of these 

substances, which are likely to be found in extracts of the larval 

ANC (Maxwell et al, 1978) • Wb ran samples of both serotonin and 

octopamine on the same column of Sephadex G-15 that was used to 

separate CAF 1 and CAF 2. Serotonin was considerably retarded, 

eluting well after the salt peak, and therefore was easily 

distinguished from both CAF 1 and CAF 2. Octopamine, however, could 

not be separated from CAF 2 (Fig 4.9).

Proctolin, which is known to be cardioactive in the cockroach, 

also eluted in a similar position to CAF 2 on our column of Sephadex 

G-15 (Fig 4.9). CAF 2 cannot be proctolin, however, since the 

caterpillar heart is unaffected by proctolin, even when quite large

quantities are used (5 nmol given in 50 ul).
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Is CAF 2 the same as octopamine?

Ttiree lines of evidence show that CAF 2 is not octopamine.

First, we used cation exchange chromatography to distinguish

between CAF 2 and octopamine. At pH 8.5 (0.05 mol/1 ammonium

acetate), all of the endogenous cardioactivity in an extract of

larval ANC passed through a column of SP-Sephadex without being 

bound. By contrast, DL-octopamine was eluted only once the ammonium 

acetate gradient had commenced (Fig 4.10). This shows that CAF 2 is 

different to octopamine.

Second, when incubated with a broad spectrum bacterial protease, 

all of the bioassayable cardioactivity in extracts of larval ANC was 

destroyed, whereas the ability to affect the heart of a similarly 

treated solution of octopamine was unaffected (Fig 4.11). This 

indicates that both CAF 1 and CAF 2 are probably peptides, and not 

biogenic amines.

Third, the octopamine contents of both larval and pharate adult 
ANC were determined using a sensitive radioenzymatic assay. This 

was kindly done for us by Drs A Davenport and P D Evans of the AFRC 

Unit of Insect Neurophysiology and Pharmacology, Department of

Zoology, Lfriiversity of Cambridge. The amounts of octopamine found 

were: larva, 0.94 + 0.22 pmol/ANC; pharate adult, 0.98 + 0.16

pTiol/ANC (means + S.E. N = 10 in each case). These amounts of 

octopamine are far too small (by about 250 times), to cause any 

measurable effect on the caterpillar heart in our bioassay procedure.

RP - HPLC

Methanol extraction of nervous tissue was chosen as the most 

suitable preliminary to RP-HPLC as this resulted in a higher 

specific activity of cardioactive material. However, it was still 

necessary before proceeding further to remove substances from the
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ANC extracts that would bind to and degrade the C-18 packing of the 

HPLC column. A preliminary clean-up procedure using C-18 Sep Pak 

cartridges allowed essentially all of the cardioactivity present in 

the crude methanol extracts to be recovered in a form suitable for 

RP-HPLC.

The material so prepared was reconstituted in water/TFA (see 

Methods) and injected onto a C-18 reverse phase column. The column 

was eluted with a linear gradient of acetonitrile/water in the 

presence of 0.1% TFA. Preliminary experiments in which the eluate 

was collected in 1 ml fractions established that cardioactive 

material could only be detected in two successive fractions that 

were reproducibly eluted at an acetonitrile concentration of about 

65%. About 30-50% of the cardioactivity loaded was generally 

recovered. More detailed examination of this region in experiments 

in which 0 . 2 0 ml fractions were collected showed that the 

cardioactivity eluted here was present as a single symmetrical peak 

(Fig 4.12). This peak was not associated with a peak in the optical 

density trace (210 nm) even when loaded with substantial amounts of 
cardioactivity (up to 5000 units).

The recovery of a single peak of cardioactive material from 

RP-HPLC was puzzling in view of our previous separation on Sephadex 

columns of the endogenous cardioactivity from larval ANC into two 

distinct fractions. We investigated this by running the RP-HPLC 

separated cardioactive material on a column of Sephadex G-15. All 

of the cardioactive material recovered from RP-HPLC behaved as 

tnough it were CAF 2. In a complementary experiment, CAF 2 prepared 

from larval ANC on Sephadex G-15 was subjected to RP-HPLC. It 

eluted in the same position on the acetonitrile gradient as did the 

activity recovered from extracts which had not been previously 

separated on the Sephadex column. 80



conclude from these experiments that only CAF 2 is recovered 

from the column in our RP-HPLC procedure. This seems odd in view of 

the fact that both CAF 1 and CAF 2 are recovered from the C-18 Sep 

Pak clean-up procedure; as yet we have not succeeded in recovering 

CAF 1 from the C-18 column with this or any other procedure.

The molecular nature of CAF 2

Our experiments so far have not yielded sufficient cardioactive 

material for proper chemical identification of either of the 

cardioactive factors separated from the larval Manduca ANC. 
However, we took advantage of the availability of partially-purified 

CAF 2 from the RP-HPLC procedure to investigate further its likely 

chemical nature.

The bacterial protease experiment described above suggested that 

both CAF 1 and CAF 2 are probably peptides. Wb repeated this 

experiment using partially-purified CAF 2. As expected the 

bacterial protease (which is a relatively broad-spectrum 

endopeptidase) destroyed the biological activity of our CAF 2 

preparation (Fig 4.13). Another relatively unspecified protease, 

pepsin, also reduced the amount of cardioactivity in the sample 

incubated with it, but in this case did so relatively slowly. Two 

other rather specific proteolytic enzymes, trypsin and 

^-chymotrypsin, failed to reduce the amount of cardioactivity in 

the incubates under the conditions used.

Treatment of RP-HPLC purified CAF 2 with per formic acid, 

cyanogen bromide or fluorescamine totally destroyed its ability to 

cause cardioacceleration. In each case there was no detectable 
cardioactivity after incubation in the reaction mix, although all 

the controls retained activity.
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Discussion

Detection and distribution of endogenous cardioactive factors

A rapid, reliable and sensitive bioassay can be considered the 

cornerstone of any investigation into the nature of an 

uncharacterised, biologically active factor. In this chapter the 

semi-isolated caterpillar heart assay has been shown to respond to 

small amounts of endogenous cardioactive material. The 

responsiveness of the heart to the equivalent of only 0.01-0.1 ANC 

has meant that only small quantities of tissue were necessary for 

most of the experiments reported here, and permitted separations of 

the cardioactive material to be effected without using up in the 

bioassay procedure all the material thus separated. This is a 

prerequisite for further progress in the isolation and chemical 

characterisation of the two factors described. This will however 

require very much larger quantities of biological material than have 

been used here.

The caterpillar heart is a much more delicate structure than is 

the heart of the adult moth; this was the main reason for our 

adoption of the semi-isolated recording procedure for the larval 

heart as opposed to the completely m  vitro method used by Tublitz 

and Truman, (1980) . Wb have used a similar semi-isolated 

preparation for the adult heart in the present work in order to 

assure comparability between the results with the larval and adult 

tissues. Nevertheless, the semi-isolated method is still very 

sensitive; the amount of serotonin required to give a clear response 

in the semi-isolated caterpillar heart preparation is about 50 ul of 

a 100 nmol/1 solution (ie. about 5 pmol (see Chapter III) . The 

semi-isolated adult moth heart is more sensitive (0.5 pmol). This

compares favourably with the sensitivity of the moth heart in vitro.
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Tublitz and Truman, (1981) report a threshold of about 1 pmol for 

their preparation, which is similar to our own experience. If the 

adult heart is similarly more sensitive to CAP 2, then it may prove 

advantageous to use this method of bioassay for its further 

characterisation. However, since it appears that the moth heart is 

insensitive to CAF 1, it will still be necessary to use the 

semi-isolated caterpillar heart for work on this factor.

Tublitz and Truman, (1980) have briefly reported findings from a 

survey of endogenous cardioactivity in the CNS of adult Manduca. 

They used the hi vitro adult heart preparation mentioned above to 

detect cardioacceleratory factors, which were found in the corpora 

cardiaca/corpora aliata complex, in the abdominal nerve cord and in 

the transverse nerves. Itieir results are similar to those reported 
here for caterpillars of the same species. However, an important 

difference between the caterpillar and the adult moth that has been 
revealed in the present work is that whereas the adult has only one 

cardioactive factor (CAF 2) , the larva has two (CAF 1 and CAF 2). 

Appropriately, the caterpillar heart responds to both CAF 1 and CAF 

2, whereas the moth heart is sensitive only to CAF 2. Presumably 

the disappearance of CAF 1 from the CNS, and the loss of receptors 

for it from the myocardium are developmentally regulated.

Cardioactivity from Manduca CNS is not identical 

with any known cardioactive agent

A number of results show that the endogenous cardioactivity 

detected in extracts of the larval ANC by the caterpillar heart 

bioassay cannot be due to serotonin, octopamine, proctolin or any 

other previously recognised insect cardioactive agent.

Serotonin has been found in the CNS of a number of insects

(Evans, 1980), but the levels reported would not be sufficient in
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any case to explain the amount of cardioactivity that we found in 

the ANC of Manduca larvae. In any case, the cardioacceleratory 

material recovered from Sephadex G-15 chromatography eluted at a 

volume quite distinct from that at which a serotonin standard was 

found to elute. The considerable retardation of serotonin on 

Sephadex (previously noted, among others, by Lloyd, 1978) is in fact 
very helpful in this regard.

Both octopamine and proctolin coeluted with CAF 2 on Sephadex 

G-15 raising the possibility that CAF 2 might be one of these 

substances. That this is not the case is shown by a number of 

experiments.

Proctolin is easily excluded. Although it is known to act as a 

cardioaccelerator in cockroaches (Miller, 1979), synthetic proctolin 

has no effect on the caterpillar heart. Furthermore, Kingan, (1982) 

reported that he could detect no immunoreactive proctolin in Manduca.

Although the caterpillar heart is quite sensitive to octopamine, 

giving a clear response to about 50 pmol (see Chapter III), the 

measured content of the larval ANC was too small by a factor of 

about 250 times to account for the observed cardioactivity of the 

ANC. Also, SP-Sephadex chromatograpy allowed the separation of all 

endogenous cardioactivity in the ANC extracts from octopamine.

Another well studied insect neuropeptide with cardioactive 

properties is neurohormone D (Gerscn, 1982). Neither CAF 1 nor CAF 

2 can be identified with neurohormone D, because extraction of 

Periplaneta corpora cardiaca (a rich source of that peptide) using 

the methods routinely used for Manduca tissues, failed to reveal any 

fractions that excited the caterpillar heart. In any case, the 

trypsin-insensitivity of the caterpillar cardioactive factors is in 
sharp contrast to the properties established for neurohormone D 

(Gersch, 1982).
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Partial purification and properties of CAF 1 and CAF 2

The endogenous cardioactivity present in the ANC extracts was 

readily separated into two distinct active fractions by simple 

Sephadex gel filtration. The two factors so separated, CAF 1 and 

CAF 2, are evidently both peptides, as is shown by their sensitivity 

to proteolytic digestion. The larger factor, CAF 1, appears to have 

a molecular mass of about 4000, while the smaller CAF 2 is probably 

less than 1000 daltons in size. Both factors are quite stable, 

resisting boiling for 10 min. This treatment is useful in 

destroying endogenous proteolytic activity in extracts of nervous 

tissue. Both factors survived storage in the laboratory freezer for 

several months. % e  solubility of the factors in 1 0 0 % methanol 

suggests that they are indeed quite small, and also that they may be 
quite hydrophobic. The loss of CAF 1 on the C-18 column is 

consistent with the latter conclusion, as is the relatively high 

concentration of acetonitrile required to elute CAF 2.

RP-HPLC is clearly a useful technique for the purification of 

CAF 2, although CAF 1 was not recovered from the C-18 columns that 

we used. The recovery of CAF 2 was acceptable, and could probably 

be improved by more sophisticated lyophilisation techniques. The 

purity and specific activity of the CAF 2 preparations obtained from 

RP-HPLC cannot be assessed since the amounts of material processed 

were too small to give any measurable dDsorbance peak at 210 nm.

Although we have not achieved a full chemical characterisation 

(ie. sequence) of the two Manduca cardioactive factors, the 

experiments reported do allow some tentative suggestions to be made 

about tile likely nature of CAF 2.

A broad spectrum bacterial protease from S. griseus, degraded 

the biological activity of the cardioactive factor, confirming its
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likely peptide nature. Incubation with both trypsin and 

chymotrypsin, on the other hand, failed to reduce cardioactivity. 

Trypsin cleaves peptide bonds preferentially at arginine or lysine 
residues on the C-terminal side, whereas oCrchrymotrypsin selects 

preferentially aromatic residues (ie. tryptophan, tyrosine or 

phenylalanine), again cleaving on the C-terminal side (Croft, 

1974). Therefore we may tentatively conclude either that none of 

these amino acids is present in the sequence of CAF 2 (a distinct 

possibility since the molecule appears to be small), or that if any 

of these is present it forms the C-terminal residue of the peptide. 

However, it is necessary to be cautious in drawing such conclusions, 

particularly since these are negative results. It may simply be 

that the Manduca peptide is simply not a very good substrate for the 

enzymes studied. As an exairple of this. Price and Greenberg, (1977) 

found that incubation for 4 h with trypsin still destroyed only 

about 50% of the activity of the molluscan cardioactive peptide 

FMRFamide, even though this peptide contains an arginine residue at 

an internal position.
Digestion with pepsin was rather slow, suggesting that CAF 2 is 

probably not a very good substrate. Pepsin preferentially cleaves 

peptide bonds on the C-terminal side of aromatic residues (Croft, 

1974). However, its specificity is rather broad and eventually it 

will cleave most peptides. Thus, the results obtained here could be 

explained by nonspecific action, but the possible existence of 

aromtic residues is in accord with the apparent hydrophobic nature 

of the peptide, as evidenced by its behaviour on RP-HPLC.

The abolution of CAF 2 ' s activity by per formic acid oxidation is 

a strong indication that the peptide contains sulphydryl groups 

necessary for its function, ie. that methionine or cystine residues
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are present (Croft, 1974) . The loss of activity on treatment with 

cyanogen bromide, with specifically cleaves peptides on the 

C-terminal side of methionine residues (Croft, 1974), would appear 

to support this conclusion in suggesting that a methionine residue 

is important for biological activity. Interestingly, two identified 

molluscan cardioactive small peptides - EMRFamide (Price and 

Greenberg, 1977) and SCPg (Morris et al, 1983) - both contain

methionine. It is probably pertinent to report that the caterpillar 

heart does not respond to EMRFamide (see Chapter III) and we have 

not tested SCPg.

Incubation of CAF 2 with fluorescamine led to the complete loss 

of cardioactivity. Fluorescamine is a fluorogenic reagent that is 

used for the identification of primary amines and the N-terminal 

residues of peptides (Imi et al, 1973). The reaction with an

N-terminal residue can only occur if this is unblocked (ie. if there

is a free amino group). We suggest that it is very unlikely that 

the biological activity of a small peptide would survive chemical 

modification of either a basic side chain or a free N-terminal amino 

group. N-terminal elongation of proctolin completely abolishes its 

activity (Starratt and Brown, 1979). Since we have already argued 

that basic residues are probably absent, the most reasonable

conclusion that complies with our results is that the N-terminal 

residue of CAF 2 is indeed unblocked and is required for the 

peptide's biological activity. If this suggestion is correct this 

will be very useful in establishing the peptide's sequence.

Tublitz and Truman, (1981) have briefly reported the release 

from the transverse nerves of emerging adult moths of a peptide 

neurohormone that increases the heart rate during adult eclosion and 

subsequent wing spreading behaviour. The question arises as to
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whether this hormone is the same as either of the factors we have 

described in this chapter. CAF 1 would seem very unlikely, as we 

could not detect any activity corresponding to this factor in 
extracts of pharate adult ANC. We have collected blood from newly 

emerged moths that were spreading their wings and can confirm that 
this blood contains a factor that causes cardioacceleration in the 

moth heart, while blood collected from pharate adults that were 

ready to eclose but had not yet begun ecdysis behaviour did not. 

Analysis of the active blood from spreading adults on Sephadex G-15 

showed the cardioactivity present in it was indistinguishable from 

CAF 2 (see Chapter VI).

Thus at least one of the two cardioactive factors that we have 

distinguished appears to have a definite function, in this case as a 

circulating neurohormone.



Summary

1. Cardioactivity was detected in all nervous tissue examined. The 

richest source (about 60% of the total) was the ganglia of the 
abdominal nerve cord. Cardioactivity was detected in the abdominal 

transverse nerves, the proctodeal nerves, the frontal ganglion and 
the corpora cardiaca/corpora allata.

2. Two factors, separable by Sephadex gel filtration, were

distinguished. CAF 1 has an apparent molecular mass of about 4000. 

CAF 2 has a molecular mass less than 1000. Both factors are 

apparently peptides. Neither is similar to any known insect 

cardioaccelerator.

3. CAF 2 is present in both larvae and in adults. CAF 1 is present

only in the caterpillar. The larval heart responds to both factors;

the adult heart responds only to CAF 2.

4. CAF 2 has been partially purified by reverse-phase HPLC.

5. CAF 2 is not attached by trypsin or by oC-chymotrypsin, but is

digested by a bacterial protease and by pepsin. Performic acid,

cyanogen bromide and fluorescamine all completely destroy the

factor's activity. It is suggested that CAF 2 has an unblocked

N-terminal group and contains at least one methionine residue.
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Table 4.1: The distribution of cardioactivity in the nervous

system of Manduca sexta larvae

Tissue Amount of cardi
(units)

Brain 4.0
Suboesophageal g 2.6
Corpora cardiaca/allata 3.0
Frontal ganglion 3.5
Tl 2.9
T2 4.2
T3 4.0
Al 4.2
A2 4.1
A3 4.1
A4 4.0
A5 4.4
A6 4.4
A7 7.0
Total 40.2

Transverse nerves^ 7.2
Proctodeal nerves^ 2.4

Control (body wall muscle) 0

Tl, T2, T3 = prothoracic, mesothoracic and metathoracic ganglia 

Al, A2-A7 = abdominal ganglia 1, 2, 3, etc.

Each tissue was determined in duplicate. The value given is the 

mean. One unit of cardioactivity is the amount required to cause a

50% increase in heart rate (see text).

1. Values for the transverse nerves represent all the transverse

nerves from the abdomen of one insect (ie. 14 nerves). Since it

was difficult to be sure that all the nerves were removed 

entire, the value given must be regarded as a minimum estimate.

2. For the proctodeal nerves, the value given is for both left and 

right nerves.
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Fig 4.1 The response of a semi-isolated caterpillar

heart to the application (at the arrow) of 

50 ul of an extract containing 0.02 ANC. 
Note that the response has both chronotropic 

and inotropic components. The bar 

represents 30 sec.
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Fig 4.2 Dose-response curve for the effect of ANC

extract on the caterpillar heart. Means +
S.D. Line drawn by eye.
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Fig 4.3 (A) The effect of boiling for 10 min on the
activity of an ANC extract in saline 

solution. Cardioactivity in the boiled 
extract (right hand column) is shown as the 

percentage of the control (left hand column).

(B) The amounts of cardioactivity extracted from 

ANC by saline (left hand column - shown as 

1 0 0%) and by methanol (right hand column).

(C) As for (B), but comparing extraction by 

saline (left hand column) and by 

acetonitrile (right hand column).

Means + S.D. (N = 5)
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Fig 4.4 Sephadex G-25 chromatography of an extract 

containing 50 larval ANC. Ihe continuous line 

shows optical density measured at 280 nm. The 
histogram shows the amounts of cardioactivity 

recovered in the eluted fractions. Conditions 

are described in the text.
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Fig 4.5 Estimation of the molecular weight of CAP 1 from 

Sephadex G-25 chromatography. The line is drawn 
by eye.
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Fig 4.6 Sephadex G-15 chromatography of an extract 

containing 10 larval ANC. Otherwise as for Fig

4.
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Fig 4.7 Estimation of the molecular weight of CAP 2 from 

Sephadex G-15 chromatography. The line is drawn 
by eye.
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Fig 4.8 Sephadex G-15 chromatography of an extract 

containing 10 pharate adult ANC. Note the 

absence of CAP 1. Otherwise as for Fig 4.6.
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Fig 4.9 Elution profiles of CAP 1 and CAF 2 (from an 

extract of 10 larval ANC) and of proctolin, 

DL-octopamine, and serotonin on the same column 

of Sephadex G-15 under identical conditions.
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Fig 4.10 Cation exchange chromatography on SP-Sephadex of 

cardioactivity previously separated on Sephadex 

G-15 (pooled fractions of both CAF 1 and CAF 2 

from 20 ANC). The continuous line shows optical 
density at 280 nm. The histogram shows 

cardioactivity recovered in the eluate. For 

comparison, the position at which DL-octopamine 

eluted in a separate experiment is shown by the 

arrow. Conditions are described in the text.
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Fig 4.11 The effect of incubation of ANC extract (A) and 

octopamine (B) with a broad spectrum protease 

from S. griseus. In each case the activity in 
the control is shown in the left hand column; 

the activity remaining after incubation with the 

active enzyme is shown in the right hand column. 

Means + S.D. (N = 4).
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Fig 4.12 RP-HPDC of an extract of 10 ANC prepared as 

described in the text. The ufper panel shows 

absorbance at 210 nm. Ihe straight line in the 

lower panel shows the gradient of acetonitrile 

used to elute the column. The histogram shows 

the cardioactivity recovered in the eluted 

fractions.
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Fig 4.13 The effects of various enzymes on the activity 

of RP-HPLC purified CAF 2. The cardioactivity 
remaining after incubation with each enzyme is 

shown as a percentage of a suitable control's 

activity.

Means + S.D. (N = 4).
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Chapter V: Invertebrate Cardioactive Peptides; a review

General Introduction

This review focuses on work concerning the role of both 

chemically characterised and as yet uncharacterised peptides in 

controlling the hearts of invertebrates. Areas given special 

attention include the purification and structural characterisation 

of peptides; the pharmacology of the responses of hearts to these 

peptides and to other agonists; and the elucidation of the roles of 

these peptides in normal physiological control of the rate and 

amplitude of the heartbeat.

It is worth noting that endogenous factors that affect the 

heartbeat may also affect other visceral and skeletal muscle 

activity. Indeed in some cases (eg. proctolin) the factors 

concerned have been purified primarily according to these 

non-cardiac effects.

Proctolin - a characterised arthropod cardioactive peptide 

Introduction

Ihe first and so far only insect myotropic peptide to be fully 

characterised is the basic pentapeptide proctolin. It has the 

sequence Arg-Tyr-Leu-Pro-Thr-.OH (Starratt and Brown, 1975b).

Character isation

After initial experiments, that included the use of the isolated 

cockroach heart to detect pharmacological activity (Brown, 1965), 

the same author turned to the isolated hindgut as a bioassay organ

for the isolation (Starratt and Brown, 1975a).
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Proctolin was finally isolated and sequenced from the extraction 

of 25,000 whole adult cockroaches (weight 25 kg), which yielded 

approximately 180 ug of the pure peptide. The scheme of 

purification (see Starratt and Steele, 1980) included gel 

filtration, ion-exchange resins, alumina absorption and high voltage 

paper electrophoresis. Ihis isolated the peptide in a form 

sufficiently pure to permit determination of structure. The 

constituent amino acids were separated by thin layer chromatography 

of dansylated derivatives obtained from acid hydrolysis. Leucine, 

arginine, proline, threonine and tyrosine were identified in an 

equimolar ratio.

Finally the sequence was achieved by a succession of Bdman 

degradations that recognised the N-terminal residues. îhe entire 

peptide was confirmed to be Ar g -Ty r -Leu -Pro -Itir -CH. It was 

apparently a unique, new peptide, not related to any other yet 

recognised peptide. Each cockroach was estimated to contain about 

12 ng of the endogenous peptide.

Pharmacological Effects on Muscle Preparations 

P. americana hindgut

Proctolin was originally purified using as a bioassay the 

spontaneously-active proctodaeum of the Periplaneta americana (see 

above). The peptide evokes long, sustained contractions in a 

dose-dependent manner (see Starratt and Steele, 1980 for details of 

assay).

Cockroach myocardium
The denervated cardiac preparation responds with an increased

rate of contraction and diminished amplitude at higher
-9 -1concentrations. (Miller, 1979). The threshold is 10 mol 1
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Hyperneural muscle of P. americana

Ihe innervated hyperneural muscle responds to proctolin (Miller,

1979) but loses its sensitivity when separated from the ventral 

nerve cord which suggests the site of action is upon the central 

nervous system.

Locust extensor tibia muscle
10 ^ ^ - 1 0  ̂ mol 1 ^ proctolin induces myogenic contractions 

in this skeletal muscle (Piek and Mantel, 1977; May et al, 1979) .

Horsefly oviduct

Proctolin stimulates an increase in frequency and amplitude of 

phasic contractions of the oviduct of the horsefly Tabanus 

sulcifrons (Cook and Meola, 1978).

In addition to insect preparations, proctolin has been tested on 

several from other orders.

Crab heart

SullivantM1979) found inotropic actions of proctolin on the 

hearts of Cardisoma carnifex, Portunus s inguinolentus and 

Podophthalmus hawaiiensis.

Limulus heart

Proctolin increases the amplitude (but not the rate) of cardiac 

contractions in the horseshoe crab Limulus polyphemus, by a direct 

effect on the myocardial muscle (Benson et al, 1981); Watson and 

Augustine, 1982; Watson et al, 1983).
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Lobster opener muscle

Above a threshold of 0.1 nmol 1 proctolin effects a 

sustained contraction of the opener imiscle of the lobster walking 

leg (Schwartz et al, 1980).

Nfemmalian ileum

Penzlin et al, (1981) found iontophoresised proctolin elicited 

rapid contracts, followed by relaxation, of the rat and mouse ileum.

Structure - Activity Relationships

Ihe extraction and characterisation of proctolin meant that a 

synthetic equivalent could be prepared (Starratt and Brown, 1979), 

along with some related analogues. Ihe purpose of this was to 

investigate the relationship between structure and biological 

activity. Starratt and Brown, (1979) and Sullivan and Newcomb, 

(1982) have examined the specificity of the proctolin receptors in 

the hindgut musculature.

Starratt and Brown, (1979) found that even slight changes in the 

overall length or nature of the sequence resulted in total or major 

loss of activity. None of the analogues tested demonstrated 

antagonistic properties.

All the partial sequences were ineffective, suggesting that the 

myotropic activity cannot be attributed to any sequence shorter than 

the naturally-occurring molecule.

Substitution, in turn, by alanine for each residue revealed 

whether any particular amino acid was essential. Only replacement
4at position 4 ([Ala] ) showed reasonable activity, equal to about 

15% of that of proctolin itself.
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Replacement with D-amino acids gave very low activity,

indicating that as expected the endogenous peptide contains only 

L-amino acid forms and that proctolin receptors have a requirement 

for this configuration.
2The analogue with phenylalanine at position 2 ( [phe]

proctolin) retained about 15% activity, showing that the free

phenolic group of tyrosine is not absolutely required. If the

hydroxyl group at position 2 of the phen-proctolin was methylated 
2( [phe (p-OMe) ] - proctolin) the analogue proved three times as

potent as proctolin. Obviously therefore, this hydroxyl group is

not definitive.

Amide blockage of the C-terminal (proctolin amide) almost 

totally abolished activity, showing the importance of the free 

carboxyl group.

Sullivan and Newcomb, (1982) tested more analogues in an attempt 

to further the description of the spatial conformation and 

specificity of the ligand-receptor interaction.

At the N-terminal the positive side chain of the arginine 

residue was required; replacement by the basic amino acid lysine 

retained activity but substitution of acid or neutral amino acids 

abolished it.

The importance of the aromatic residue, tyrosine at position 2 

was also considered. Aromatic replacements were stimulatory, but 

with lower affinities, which was in accordance with the findings of 

Starratt and Brown, (1979) discussed above.

Particularly interesting were the authors' findings that 

peptides in which proline at position 4 was replaced by glycine or 

leucine were still quite good agonists, which implied that proline 

was not an absolute requirement. This is significant since the
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presence of proline must restrict the flexibility of the peptide 

chain.

These last results are in contrast to Piek et al, (1979) who 

deemed proline essential. Piek et al, (1979) also found BPP^^ and 

des [thr^] - proctolin to be agonists, whereas for Sullivan and 

Newcomb, (1982) these compounds were inactive. These anomalies 

probably lie in the different preparations used - The cockroach 

hindgut for Sullivan and Newcomb, (1982); The extensor tibiae for 

Piek et al, (1979). It may be that proctolin receptors in different 

target tissues are not identical. It would be interesting to define 

the specificity of the receptors on other tissues that respond to 

the pentapeptide. Perhaps there are "types" of receptors with 

differing structural requirements, such as exist for many other 

neurotrananitters and neuromodulators, including some peptides (eg. 

enkephalins and endorphins - Lord et al, 1977).

Occurrence of Proctolin
Brown, (1977) reported the occurrence of proctolin-like 

bioactivity in examples from six orders of insects and from these 

findings suggested that the peptide might be universally found 

throughout the insects. Actually in this work proctolin was not 

unambiguously identified and in any case since at least Manduca does 

not possess radioiimunoassayable proctolin (Kingan and Titmus, 1983) 

it cannot be the case that proctolin is universally present. 

Nevertheless proctolin or proctolin-like peptides must be widely 

distributed in the Arthropoda, having been demonstrated to be 

present for instance in lobsters (Schwarz et al, 1981) and kingcrabs 

(Watson et al, 1983).
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As yet it is not clear how closely related these proctolin-like 

peptides are to the "parent" molecule. The proctolin-like peptide 

of Limulus is clearly not proctolin (Watson et al, 1983). Nor is it 

clear what chemical relation exists between proctolin and some other 

endogenous factors which have similar biological effects, eg. the 

hindgut stimulating hormone of Holman and Cook, (1972; 1979) and 

neurohormone D (Baumann and Gersch, 1982).

Physiological Effects of Proctolin

Brown, (1975) proposed that proctolin was a neurotransmitter,

released from the proctodeal nerves that evoked contractions of the

cockroach hindgut. This hypothesis is strongly supported by the

following evidence.

The cockroach proctodaeum is sensitive to three agonists - 5-HT,

glutamate and proctolin (Brown, 1975). Serotonin and proctolin both

stimulate gut motility in a dose-dependent manner. Glutamate does

not provoke graded contractions, but induces activity. Both

serotonin and proctolin initiate responses by actions direct on the

muscle (prior treatment with tetrodotoxin does not abolish these

responses) but the abolition of the response to serotonin, but not

proctolin, by the serotonin antagonist bromolysergic acid indicated

that there were at least two distinct receptor classes (Brown,

1975). This is corroborated by the observations that tyramine

supresses the response to proctolin and nerve stimulation, but not

that to 5-HT (Brown, 1975).

The responses caused by nerve stimulation resembled those of

peptide applications alone and importantly could be potentiated by

subthreshold doses of proctolin (Brown, 1975). The absence of

sufficiently sensitive biochemical analysis at that time meant the

material released from the nerve endings could only be determined to
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be pharmacologically similar to synthetic proctolin. Obviously this 

does not rigorously exclude the possibility that the effects of 

nerve stimulation are due to the release of a substance, which has 

the same effects as proctolin, but is not identical to it.

Cook and Holman, (1979) have interpreted their results from 

studies of proctolin on the hindgut of leucophaca maderae as 

indicating a neurohormonal or neuromodulatory role for proctolin. 

Although the former seems very unlikely, the experiments so far 

performed may be as stated by Dunbar and Piek, (1982), 'insufficient 

to distinguish between proctolin acting as a transmitter or 

modulator and that the terms themselves may be too rigid'.

That the responses to proctodeal nerve stimulation cannot be 

completely blocked by either an insect venom that antagonises 

glutamate (Dunbar and Piek, 1982) or a organophosphorus insectide 

that blocks proctolin (Jennings et al, 1983) suggests that the 

release of a single substance may not account fully for the 

responses seen when the proctodeal nerve is electrically stimulated.

O'Shea and his fellow workers chose to work on proctolin, in 

their own words 'in the hope that we could develop a model system in 

which to study the function of peptidergic neurons' (O'Shea et al, 

1982),

After an initial attempt using the cricket Gryllus bimaculatus 

(O'Shea and Adams, 1981) they concentrated on the American cockroach 

P. americana. Their approach necessitated the identification of 

proctoiin-containing cell bodies, which they did using 

immunohistochemistry (Bishop et al, 1981; Bishop and O'Shea, 1982; 

O'Shea and Bishop, 1982).

A large number of morphologically diverse cells were found to be

stained by the anti-proctolin sera. The greatest density of these
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was found in the fused terminal ganglia (about 80 cell bodies) and 

progressively less in more anterior ganglia of the ventral chain. 

This mirrored the proctolin content measured by RP-HPDC (Bishop et 
al, 1981).

Amongst the cells that were immunoreactive were ernes that lay 

peripherally in the ganglia and had a characteristic pale appearance 

in vivo (O'Shea and Adams, 1981). These were termed lateral white 

cells. The imraunoreactivity present in these cells was again shown 

to be chromatographically indistinguishable from authentic proctolin.

These cells projected to the cardiac nerves (O'Shea and Alams, 

1981) yet stimulation unfortunately produced no changes in the 

heartbeat (cited in Miller, 1984). Earlier attempts to directly 

stimulate the cardiac nerve (Miller, 1979) were reported to elicit 

unpredictable myocardial responses. The lack of success of these 

experiments may have been due to technical problems. Ebr instance, 

release of transmit ter/modula tor from only one cardiac nerve amongst 

many may be insufficient to affect the heart, if control is usually 

effected through several nerves.

From the point of view of the control of the heart this study is 

thus somewhat inconclusive. However, another class of proctoiin- 

containing cell has been much more definitely identified as serving 

a particular function (O'Shea and Bishop, 1982).

On the dorsal side of the me ta thoracic ganglia of the cockroach 

a single pair of large (60 urn dia) bilaterally symmetrical cells 

were visualised. The detailed structure of these cells was revealed 

by dye-filling with lucifer yellow from a microelectrode inserted 

into the soma. The cell resembled a typical monopolar neuron with a 

dendrite that projected anteriorly and terminated near a group of 

dorsal cell bodies. These latter cells have been previously
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described as the octopaminergic dorsal unpaired median cells (EXJM - 

Evans and O'Shea, 1978; O'Shea and Evans, 1979). The 

proctolin-immunoreactive neuron also had an axon that extended to a 

skeletal muscle, and this feature, combined with the position of the 

cell body identified it as a motorneuron previously described 
(Pearson and Fburtner, 1974) - the slow coxal depresser motorneuron.

Again the immunoreactivity present in this neuron was confined 

to be chromatographically indistinguishable from authentic proctolin 

and therefore the inplication was for the peptide to be the 

transmitter in a skeletal motorneuron. This may be the first 

example of such a class of peptidergic motorneuron, separate from 
those that employ L-glutamate as the excitatory transmitter 

(Usherwood et al, 1968).

Proctolin Effects in Crustacea 

Cardiac ganglion

In Crustacea the heartbeat is generated by the endogenous 

rhythmic electrical activity of the cardiac ganglion (Alexandrowicz, 

1932). This bursting of activity continues when the ganglia is 

isolated (Vfelsh and Maynard, 1951). Sullivan et al, (1981) have 

briefly reported the effects of proctolin on the isolated cardiac 

ganglia of Homorus americanus. Proctolin produced distinct changes 

in the motor output of the ganglion - increasing both the frequency 

and duration of bursting and the number of impulses per burst. 

These results suggest that the neurohormone may direct temporal 

sequences of patterned motor output.
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Lobster skeletal muscle

In the lobster Homorus americanus the two amines 5-HT and 

octopamine are known to circulate in the blood as neurohormones and 

are responsible for producing opposite postures (Livingstone et al, 

1980). Proctolin has been shown to be widely distributed in the 

nervous system and may also circulate as a neurohormone (Schwarz et 

al, 1981). The opener muscle of the walking leg, which is involved 

in the adoption of posture is sensitive to proctolin, as well as to 

the two amines (Krawitz et al, 1980) which raises the possibility 

that the tension of lobster muscles may be adjusted by circulating 
proctolin.

Adipokinetic Hormone and Unidentified Insect 

Cardioactive Factors

Several cardioactive factors have been extracted from the 

nervous system of the cockroach Periplaneta americana, which excite 

the isolated heart of that insect, but have yet to be fully 

identified (Gersch et al, 1960; Ralph, 1962; Brown, 1965; Natalizi 

and Frontali, 1966; Natalizi et al, 1970; Traîna et al, 1976).

Neurohormone D

Gersch et al, (1960) separated four accelerating factors (Ĉ , 

D^, D^) from the cockroach and suggested that these

factors were peptides because of their sensitivity to trypsin 

inactivation. The two hormones C and D differed in their effects on 

the isolated heart - hormone C increased only the rate, whilst 

neurohormone D also affected the amplitude (Gersch et al, 1960). 

Evidence has also been put forward that neurohormone D can affect
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other tissues - including phallic nerve activity (Gersch and 

Sturzebecher, 1971) and malpighian tubule function (Unger, 1957).

Despite seemingly great research effort, only recently have 

details of the nature of the neurohormone become apparent. Using 

the heart activity as an assay and cockroach corpora cardiaca (OC) 

as source material, Baumann and Gersch, (1982) have determined its 

amino acid composition.

Biological activity was separated on Biogel P-6 and then 

subjected to thin-layer chromatography, which resolved a single 

u.v.-absorbing spot with activity corresponding to the hormone. 

This was then separated electrophoretically on cellulose acetate 

strips and the hormone, which remained at the origin because of its 

neutrality, rechromatographed on Biogel P-6 . Ttiis yielded 20 ug of 

peptide, from an original extract of six thousand pairs of glands. 

The amino acid residues were identified by dansylation and automatic 

analysis and found to be Asp 2, Glu, Phe, Pro, Ser and Val (Table 

5.1). The molecular weight of the hormone was estimated to be 

750-1000.

The chromatographical behaviour of neurohormone D has suggested 

that it may be similar or even identical to two other cardioactive 

factors isolated from the cockroach GC - peak 1 of Natalizi et al, 

(1970) and factor P, of Brown, (1965). Indeed both peak 1 and 

neurohormone D also increase the spontaneous firing activity of the 

nerve cord and the steepness of the electrocardiogram wave (Gersch 

and Richter, 1963; Richter, 1967; Natalizi et al, 1970).

Traina et al, (1976) have separated two other cardioactive 

peptides from the cockroach GC that differ from neurohormone D in 

both their insensitivity to trypsin digestion and amino acid 

coiTposition (Table 5.1), which suggests that there are probably a

number of cardioactive peptides in the GC.
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There is at yet little evidence for any iji vivo function of 

tliese factors, but the final characterisation of neurohormone D 

should enable this to be ascertained.

Aiipokinetic Hormone

Stone et al, (1976) characterised a decapeptide (Table 5.1) from 

the glandular lobes of the locust corpora cardiaca (OC) that is 

responsible for mobilising lipids at the start of flight (Cheeseman 

et al, (1976). This is adipokinetic hormone (AKH), which also 

causes the isolated locust heart to beat faster, but with reduced 

amplitude (in Stone and Mordue, 1980).

However, these responses are considered to be purely 

pharmacological since injection of OC into intact locusts has no 

effect on heart activity (Goldsworthy and Mordue, 1974). Therefore 

it is not believed that AKH has any physiological role in heart 

regulation.

EMRFamide; A characterised molluscan (Bivalve) neuropeptide 

Introduction

Molluscan hearts display several features that facilitate their 

use for the detection of cardioactive substances - their activity in 

vitro, their ease of set-up and their great sensitivity and 

specificity. Thus their use has been extensive.

It should be noted that the pharmacology of molluscan hearts is 

far from being uniform between different species (see below). The 

contractile behaviour of the myocardium is frequently modulated by 

two agents. 5-HT is, far more often than not, excitatory, 

increasing the rate and force of contraction (Greenberg, 1960; Hill 

and Welsh, 1966; Higgins, 1977). In fact with these observations
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came the first proposal of the amine as a neurotransmitter (Hill, 

1958). In contrast to these effects, ACh is typically inhibitory, 

causing cessation of normal contraction (Greenberg and Windsor, 

1962).

Both 5-HT and ACh have been identified in crude extracts of 

molluscan tissues (Welsh and Moorehead, 1960; Agarwal and Greenberg, 

1969) but simple chromatographical separations identified additional 

peaks of cardiostimulatory material which could not be attributed to 

either 5-HT or ACh, although these substances were present (Frontali 

et al, 1967; Agarwal and Greenberg, 1969; Agarwal et al, 1972). 

Initial digestions suggested at least some of these substances were 

peptides. Equivalent extractions from the nervous systems of many 

species suggested that their occurrence was widespread amongst 

molluscs.

Isolation of EMRFamide

Price and Greenberg, (1977) achieved the purification and 

characterisation of one of these neuropeptides. The source material 

was ganglia from the sunray clam. Macrocallista nimbosa. Biological 

activity was determined at each isolation step by the employment of 

two sensitive bioassays, performed in parallel - the clam heart and 

the isolated radula protractor muscle of Busycon contrarium. In the 

latter the peptide induces tonic contractions in a dose-dependent 

manner.

Successive stages of butanol extraction, gel filtration on

Sephadex G-15, CM-Sephadex separation, thin layer chromatography and

Edman-dansyl sequencing yielded a pure neuropeptide, identified as a

basic, carboxyl terminally-blocked tetrapeptide with the amino acid

sequence phenylalanyl-methionyl-arginyl-phenylalanine amide. This

has been abbreviated to FMRFamide. An estimation was made that
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each animal contained approximately 10 pmol of the peptide.

Pharmacological Effects of EMRFamide 

Bivalve myocardia

FMRFamide has positive inotropic, positive chronotropic and 

antiar rhythmic actions on the isolated ventricle of the clams

Macrocallista nimbosa and Mercenaria mercenaria (Greenberg and 

Price, 1980). These closely mimic those of 5-HT (Higgins, 1977). 

The excitatory effects of both the peptide and the amine are dose- 

dependent; the log dose response plots run parallel and have 

threshold concentrations in the nanomolar range (Greenberg and 

Price, 1980). Each acts directly on the myocardium and not

presynaptically, but at separate receptor sites. Thus methysergide, 

a recognised serotonin antagonist was able to block the amine- 

induced stimulation but not that of FMRFamide (Greenberg and Price,

1980). Subsequent studies on the elevation of heart cyclic AMP

levels confirmed this distinction (Higgins, 1977; Higgins et al,

1978).

The similarity of cardiac responses to 5-HT and the neuropeptide 

led to the proposal that FMRFamide might function as a long duration 

serotoninomimetic agent and because of the peptide's supposed 

universal existence in the phylum, be a general molluscan 

cardioexcitator (Price and Greenberg, 1977).

In order to evaluate this hypothesis a survey of approximately 

fifty bivalve species was undertaken (Painter and Greenberg, 1982), 

defining their reactions to FMRFamide and to serotonin as either 

excitatory or inhibitor^% No consistent phylogenetic pattern of 

responses emerged. Both the peptide and the amine were

118



predominantly, but not exclusively excitatory; FMRFamide was purely 

cardioinhibitory more often than 5-HT, but sometimes showed dual 

effects within the same species, according to dosage. For those 

species whose hearts were insensitive to the peptide (notably 

members of the Ostreidae) it would seen that FMRFamide cannot be 

involved in cardioregulation vivo. Even for those species whose 

hearts were stimulated by FMRFamide, this pharmacological data says 

little about whether physiological regulation of the heart is 

achieved vivo by the use of FMRFamide. The study is valuable, at 

least, in showing that the general principle proposed by Price and 

Greenberg, (1970) that FMRFamide is a universal molluscan 

cardioexcitor is untenable.

Non-cardiac tissues of Bivalves

Anterior byssus retractor imiscle (ABRM) of Mytilus edulis

FMRFamide causes this muscle to go into 'catch' - a sustained 

contraction that decays very slowly, even in the absence of the 

peptide. ACh does the same, but in a manner more dependent upon 

Ca^^ in the bathing medium. Perfusion with serotonin increases 

the rate of relaxation of the contractures (Greenberg and Price,

1979).

Therefore for both the Mytilus ABRM and the Busycon radula 

protractor (see below) FMRFamide elicits mechanical responses far 

more like those attributed to ACh than those of 5-HT. This 

contrasts with the peptide's action on the heart, where for more 

species than not, FMRFamide's are like those of 5-HT and quite 

unlike those of ACh (which usually inhibits the heartbeat of 

molluscs, as it does in vertebrates).
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Rectum of Macrocallista nimbosa

Rhythmic contractions are evoked in previously silent rectums 

when stimulated by FMRFamide; 5-HT cannot do this and in fact 

sometimes shows an inhibitory action (Greenberg and Price, 1979).

Oesophagus of Fasciofarcia tulipa

The responses seen are very similar to those of the clam rectum 

- see below (Greenberg and Price, 1979).

Rectum of Mercenaria mercenaria

Here FMRFamide causes contractions of the rectal musculature,

whilst ACh has a principal effect on the resting tension. The

effects of ACh are in fact variable with concentration; low levels

diminish the resting tension whereas high ones augment it.
-5 -1Benzoquinomium at 10 mol L is antagonistic to these effects 

(Greenberg and Price, 1980). 5-HT is excitatory at low doses 
(10”^M), producing rhythmic contractions but above this 

concentration the amine decreases the frequency of contractions and 

raises the tone. Methysergide pretreatment abolished these 

responses (Greenberg and Price, 1980).

Gastropod Tissues

Although FMRFamide was isolated from a bivalve, it also has 

f^armacological effects on gastropods.

Radular protractor muscle of Busycon contrarium

This muscle was used as a bioassay for myotropic activity during

the original purification of FMRFamide (Price and Greenberg, 1977)

and has been developed into a microbioassay system, suitable
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for the analysis of the peptide content of single cells (Nagle and 

Greenberg, 1983).

The muscle shows a conplex pharmacology, responding not only to 

FMRFamide but also to ACh, dopamine and 5-HT. Both ACh and 

FMRFamide induce single sustained contractures when applied in the 

bath, the time course of tension development being faster for ACh 

than for FMRFamide. The effective threshold concentration of 

FMRFamide is 1-3 x 10 ^ L The two molecules may be deduced 

to bind at separate excitatory receptors, because only the response 

to ACh is abolished by pretreatment with benzoqu inomium chloride 

(Greenberg and Price, 1979). Dopamine on the other hand induces 

phasic muscular contractions whilst 5-HT relaxes contractions 

effected by ACh or FMRFamide (Nagle and Greenberg, 1982).

Helix tentacle retractor muscle

Above threshold concentrations of about 0.5 nmol 1 ^ FMRFamide 

produces either a small tonic contractive or a sequence of 

repetitive rhythmic ones. Sometimes the response is a combination 

of the two. Where repetitive contractions occur, these are 

accompanied by an increase in background tension.

In this muscle, the responses are like those to ACh, but clearly
I

distinguishable from them. ACh induces a contraction, with 

subsequent applications of FMRFamide giving additional ones. Prior 

treatment with FMRFamide reduces the duration of subsequent ACh 

responses (Cottrell et al, 1983).

Gastropod neurons

FMRFamide has been tested on several identified neurons of the

gastropod ganglia and iontophoretic application of the peptide has

been seen to elicit differential effects on the cells so treated;
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both hyperpolarising and depolarising currents have been observed 

(Greenberg and Price, 1980; Cottrell, 1982).

In vertebrates there is very good support for the notion that 

peptides, originally known for their actions in the periphery may 

also be neurotransmitter candidates in the brain (review Snyder,

1980). Perhaps this is true for FMRFamide too.

Non-molluscan preparations

As far as I am aware there is an almost total absence in the 

literature of studies of the pharmacological effects of FMRFamide on 

tissues other than molluscan ones. Particularly other invertebrate 
phyllia are untested.

As far as vertebrates are concerned FMRFamide has been 

anecdotally reported to have no observable effect on the functioning 

of the isolated cardiac and vascular muscle from the rat or on the 

guinea pig ileum (Greenberg and Price, 1979). However iontophoretic 

application of FMRFamide onto neurons in the rat brain stem caused 

excitation (Dockray et al, 1981c).

Occurrence of FMRFamide in the mollusca

Ttie original isolation of FMRFamide (Price and Greenberg, 1977) 

initially defined the material to be purified as that contained 

within the so-called gel filtration peak, 'Peak C .  It has already 

been pointed out that fractions with similar properties, are found 

in nervous extracts from other species (Agarwal et al, 1972, 

FYontali et al, 1967). However it is now evident that the activity 

of 'Peak C  cannot always be accounted for by the presence of 

FMRFamide.

The pulmonate snail Helix aspersa has a peptide which is
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iiTinunologically related to FMRFamide (the technique used was a 

radioimnunoassay-RIA), but which is not identical to that peptide. 

It was not strongly bound to the cation exchanger CM-Sephadex, as is 

FMRFamide (Price ̂ 1982). The FMRFamide-like substance was

purified to give a single peak on HPLC and had the amino acid 

composition arginine 1 , aspartic acid 1 , glutamic acid 1 , isoleucine 

1 and phenylalanine 2. Price, (1982) suggested that the likely 

sequence of this peptide was pGlu-Asx-Phe-Ile-Arg-Phe-NH2 but this 

was not confirmed by chemical means.

Geraerts et al, (1984) have investigated the possible 

physiological roles of a small cardioactive neuropeptide of Lymnaea 

stagnai is, that by its chrcma tographical behaviour seems identical 

to the FMRFamide-like peptide of Helix.

The only evidence for the possible existence of FMRFamide
outside of the mollusca has been the inmunocytochemical detection of

FMRFamide-like immunoreactivity not only in the nervous tissue of a 

snail (Lymnaea stagnai is), but also in that of several species of 

insect (Leptinotarsa decemlineata, Periplaneta americana. Locusta 

migratoria. Pieris brassicae), a fish (Poecilia latipinna) and a 

mammal (mouse), (Boer eVa) ' 1980). An obvious criticism of

work like this is that the exact nature of the immunoreactive 

substance present is not determined and therefore may not be 

identical to the original immunogen. As has been mentioned above, 

the snail would seem to contain only a FMRFamide-like peptide. It 

is obviously necessary to be cautious in interpreting the 

significance of these results - nevertheless it is at least possible 

that FMRFamide-like sequences may be present in peptides or proteins 

possessed by non-molluscan species (see LPLRFamide above).
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Physiological Function of FMRFamide 

Regulation of Heart Activity

Although FMRFamide has repeatedly been demonstrated as a potent 

cardioexcitator of many isolated myocardia iri vitro (see earlier) 

there is little to suggest that it has hi vivo regulatory

properties. The limited evidence, below, is indirect.

FMRFamide can be released from isolated clam ganglia by high 

potassium stimulation (Nagle, 1982) in a fashion recognised to

represent physiological release.

Immunoreactive FMRFamide has been found in the haemolymph of 

Macrocallista at concentrations high enough to stimulate isolated 

hearts, but the exact nature of the peptide was not confirmed as 

FMRFamide (Nagle, 1982) .

Regulation of Helix tentacle retractor muscle

An apparent peptidergic network has been described and examined 

in Helix (Cottrell et al, 1983).

Two symmetrically located neurons (C3) in the cerebral ganglion 

were stained with FMRFamide-specific antisera. That the

FMRFamide-like peptide was present in C3 was confirmed by RIA on 

microdissected C3 cell bodies. However, it should be noted that

this does not prove that the cells contain FMRFamide itself - in 

fact the inmunoreactive material in these cells is likely to be the 

Helix FMRFamide-like peptide referred to above. When the cell body 

was impaled with a microelectrode and subsequently filled with the 

fluorescent dye lucifer yellow the cell was seen to possess an axon 

that passed along a nerve and terminated in the tentacle muscle. 

Morphologically therefore, the neuron resembled a motorneuron.
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Depolarising pulses delivered from a microelectrode into C3 evoked 

contractions in the tentacle muscle, in a manner similar to those 

caused by pharmacological administration of FMRFamide onto the 

muscle.

The conclusion that was drawn from these results was that the 

Helix FMRFamide-like peptide is a transmitter in a peptidergic 

motorneuron - a proposition that seems very likely but is not 
absolutely proven.

Structure-Activity Studies of FMRFamide

The availability of synthetic FMRFamide and related analogues 

have paved the way for studies on the activity-dependence of the 

integral sequence.

Four suitable assay preparations - the radular protractor of 

Busycon, anterior byssus retractor of mytilid mussels and the hearts 

of Macrocallista (in which FMRFamide induces increased cardiac 

contraction) and Lampsilis (in which FMRFbmide is inhibitory) 

(Painter et al, 1982) were employed in parallel.

The results of this study may be briefly summarised as the 

following. 1. There is a definite requirement for the intact 

car boxy terminal - all activity is lost when it is removed. 2. The 

requirement for the NH^ - terminal is more flexible; deletions 

here also reduced activity but elongation of the chain at this end 

caused little loss of potency. 3. TVo N-acylated forms, 

t-BOC-Phe-Met-Arg-Phe-NH^ and NL— BOC-Met-Arg-Phe-NH^ induced 

maximal responses and indicated that a free N-terminal amino group 

was not a necessary attribute of an active ligand. 4. The basic 

residue, Arg^, was critical, which would mean that the positive 

charge and its spatial distribution are absolute requirements for
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receptor activation.
Comparisons of the effectiveness of the various synthetic 

analogues of FMRFamide in the four different bioassays revealed 

differences which, the authors suggested, might mean the existence 

of heterogenous receptors for the peptide in the different bioassay 

tissues. However such a categorisation must be regarded as being 

premature, since it is not known whether FMRFamide is the natural 

agonist at each or any of these tissues. Should the endogenous 

peptide be one similar to, but not actually identical with FMRFamide 

then it would not be surprising that the complementary receptors 

would display variable pharmacological properties.

FMRFamide and Ehkephalins

An opiate peptide has been isolated from vertebrate CMS, with an 
amino acid sequence Tyr-Gly-Gly-Phe-Met-Arg-Phe (YGG-FMRF - Stern et 

al, 1979). As can be seen, as well as being the same as 

met-enkephalin (YQGFM) in its N-terminal aspect, it contains the 

molluscan tetrapeptide Phe-Met-Arg-Ehe as its C-terminal sequence. 

Structurally it is therefore particularly interesting because it 

could act as a potential agonist of both FMRFamidergic and 

enkephalinergic systems.

All of the bioassay preparations described previously failed to

react when presented with YGG-FMRF because of the dissimilarity in

the C-terminal residue (the lack of an amide group) which had

already been shown to be essential (Greenberg et al, 1983). However

the synthetic amide analogue (YGG-FMRF amide) proved to behave

identically to, and equipotent with FMRFamide (Greenberg et al,

1981). Met-enkephalin had no influence, suggesting that the tissues

were complementary to the C-terminal fragment of the YGG-FMRFamide.

Similar specificities have been found in tests on a muscle in Helix
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(Cottrell et al, 1982) and Octopus heart (Voigt et al, 1981).

The responses of the rectums of the clams Macrocallista and 

Mercer aria to FMRFamide to FMRFamide have already been discussed 

above. These preparations also show sensitivity to the opiate, 

morphine (Greenberg and Jegla, 1963). The effects of FMRFamide and 

morphine are opposite; while FMRFamide causes contraction, morphine 

causes relaxation (Doble and Greenberg, 1982). These observations 

suggest the possibility of the existence of two peptide control 

systems on the same muscle. The almost 'dual structure' of 

YGG-FMRFamide meant it might be an ideal molecule with which to 
investigate the relationships of the two systems. It should be said 

that there is already significant evidence for the occurrence of 

enkephalins in molluscan nervous tissues (Martin et al, 1981; Schot 

et al, 1981) and also for their pharmacological effectiveness 

(Stephano et al, 1981).

When allied to the clam rectum the effective enkephalin

analogues caused relaxation, whilst FMRFamide caused contraction

(Doble and Greenberg, 1982). As was predicted YGG-FMRFamide could

mimic either effect (dependent on dose - Doble and Greenberg,

1982). Challenges with other analogues concluded that there were

specific receptors present for each class of peptide; that they did

not interact and that the opioid receptor resembled the vertebrate

o-type (Lord et al, 1977). The principal effects of YGG-FMRFamide

had been predicted in advance but its fifty fold greater potency

compared to met-enkephalin was unexpected. The explanation tendered

by the authors was the proposed existence of a receptor of an opioid

nature, corresponding to the full YGG-FMRFamide molecule (or at

least one quite similar). Smaller enkephalins that could interact

only with one region of the receptor would be less effective.

Recently weight has been added to this argument by the purification
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of met-enkephalin-arg-prfie from Mytilus tissues (Stephano and Leung, 

1983) and met-enkephalin-arg-phe-amide from Octopus (Kiehling et al,

1983). It is notable that the proposal of this evolutionary 

relationship initially arose from purely pharmacological work.

FMRFamide-like peptides in vertebrates

The preceding section has included some evidence for the 

possibility of enkephalinergic peptides in the molluscs. The 

reciprocal argument is that FMRFamide or FMRFamide-like species 

might exist and function in the vertebrates.

FMRFamide-like immunoreactivity has been localised in a number 
of vertebrate tissues (Boer et al, 1980; Weber et al, 1981; Dockray 

et al, 1981a; Dockray et al, 1981b) but as has been stressed

earlier, this does not necessarily mean that FMRFhmide is present.

Dockray et al, (1983) have recently managed to purify one of
these peptides that cross-reacted with antisera specific to 

FMRFamide. The structure was found to be Lsu-Pro-Leu-Arg-Phe-NH^ 

(LPLRFamide). Both purified and synthetic peptides caused elevation 

of arterial blood pressure when injected into rats. The peptide 

also had both excitatory and inhibitory effects on brain stem

neurons when applied from an iontophoretic electrode.

This new vertebrate neuropeptide and the molluscan

cardioaccelerator appear at first sight to be structurally related 

but their evolutionary relationship (as with the enkephalins) is 

unclear. LPLRFamide does seem structurally unique amongst the 

vertebrate peptide families and may be the first isolated of a new 

group. This parallels the probable situation of FMRFamide and its 
peptide relatives in the molluscs.
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Characterised and partially characterised cardioactive 

peptides from gastropod molluscs

Introduction

Cardioactivity has been recovered from nervous system extracts 
of a number of gastropods - Aplysia (Gersch and Deuse, 1960); Helix 

pomatia (Meng, 1960); Helix aspersa (Kerk.ut and Cottrell, 1963) and 

Lymnaea stagnaiis (Geraerts et al, 1981). Consistently this 

activity could be abolished by treatment with proteases which 

indicated that the active principles were probably peptides. Until 

very recently little has been discovered of their nature and 

possible functions.

In a series of publications, (summarised in Lloyd, 1982), Lloyd 

has defined the molecular characteristics and distribution of these 

cardioactive substances in several gastropods and in addition 

attempted to answer a critical problem - that of 'distinguishing 

between where a peptide is capable of acting and where it does act '.

Classes of Cardioactive Peptide

The necessity for a reliable means of detecting cardioregulatory 

substances was filled by the isolated heart bioassay of Helix 

aspera, which proved extremely sensitive not only to 5-HT (0.01 pmol 

pulse threshold) but at least to five species of peptide (Lloyd, 

1978a).

Gel permeation chromatography of homogenerates from Helix 

aspersa, Heliosoma travolis, Lymnaea stagnaiis, Tritonia diomedia, 

Aplysia california and A. brasiliara separated three classes of 

peptide, which were designated according to estimated molecular size 

as small cardioactive peptide (SPC), medium cardioactive peptide

(MCP) and large cardioactive peptide (LCP) (Table 5.2).
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Card ioexci ta tory serotonin and cardio inhibitory ACh were also found.

Small Cardioactive Peptides (SCP)

The SCP's were eluted as a single heat-stable peak in the 

inclusion volume of a Sephadex G-15 column (peak 3; Lloyd, 1978a). 

The molecular mass was estimated at somewhat under 800. This 

activity did not behave in a similar fashion to synthetic EMRFamide.

SCP's were found in all the species examined (Table 5.2). From 

approximately 2,500 nervous systems of one of these, Aplysia 

brasiliana one peptide has been purified to homogenety (Morris et 
al, 1982).

In the final purification scheme the tissue source was subjected 

to the same gel filtration as described above, then applied to 

ion-exchange SP-Sephadex and then the active fractions separated on 

RP-HPLC. Here two cardiostimulatory fractions were resolved, termed 

SCP^ and SCPg (later it was shown that the former was an 

oxidised version of SCP^). The full characterisation of SCPg 

was subsequently achieved by a combination of enzymatic digestions 

and fast atom bombardment mass spectrometry (FAB-MS). SCPg was 

confirmed as a car boxy terminally-blocked neuropeptide with the 

amino acid sequence H-Met-Asn-Tyr-Leu-Ala-Phe-Pro-Arg-Met-NH^. 

Recovery was approximately 15-20% of the original which was proposed 

to be about 60 pmol of peptide per Aplysia Morris et al, (1982) 

noted that the C-terminal residues have a resemblance to those of 

the FWRFamide group of peptides in that all have the contnon sequence 

F-x-R-x-NH^.

Distribution and Physiology of SCP's

In the species of gastropod examined, SCP's are apparently 

confined almost entirely to the nervous system, with the highest
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levels in the sub-oesophageal ganglion and the visceral and palliai 

nerves (Lloyd, 1978a). With reservations significant amounts could 

not be detected in the haemolymph, or the neurohaemal heart, which 

suggested that the SCP's do not circulate as neurohormones (Lloyd, 

1978a). However in Helix the highest concentrations of these 

peptides were found in nerves that leave the subaesophageal ganglion 

and that have previously been described as neurohaemal in other 

snails (Wendelaar Bonga, 1970). Thus the possibility that SCP's are 

neurohormones cannot yet be excluded.

As well as displaying jji vitro cardioexcitatory properties (both 

positive chronotropic and inotropic) SCP's also had effects on other 

visceral tissues; small doses stimulated the contractile activity of 

the salivary gland and regions of the alimentary tract (Lloyd, 1982).

In support of the hypothesis that these peptides might be 

involved in their mechanical regulation, extracts of these muscles 

were shown to contain SCP's (Lloyd, 1982). Contractile activity of 

these tissues is coordinated during feeding and it was therefore 

suggested that rather than being involved in the control of cardiac 

function, they might regulate gut motility.

As Lloyd, (1982) reported 'With this information in mind, an 

attempt was made to locate those central neurons that might be 

sources of SCP's in the alimentary tract'.

In Tritonia diomedia SCP's were located in only the foregut and

the gastroesophageal nerve (GEN) which arises in the buccal ganglion

and innervates that region of the gut (Lloyd, 1979).

Cobalt-backfilling of the nerve filled two identified, large white

neurons, termed Bll and B12. Chromatographical analysis showed the
soma of these two neurons contain very high concentrations of

SCP's. Morphologically Bll projected a single axon out of the

ipsilateral GEN, which branched and ramified into the foregut
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musculature (Lloyd, 1982). This anatomical description implicated 

neuronal involvement in regulation of gut activity.

Intracellular stimulation of Bll leads to contractions of the 

gut in preparations in which this is attached to the nerve (Lloyd, 

1982). In addition firing of the cell has central effects; giving a 

change in the output of motorneurons of the buccal ganglion in a 

pattern similar to that observed for those neurons in semi-intact 

'feeding' preparations.

These results provide impressive evidence that SCP's act as 

transmitters peripherally to regulate the gut and centrally to 

control feeding.

Medium Cardioactive Peptides (MCP)

This class of peptide was recovered only from the two species of 

Aplysia and as yet very little has been published of their 

physiological and chemical properties.

Using a cI»JA probe Nambu et al, (1983) have proposed that the 

R3-R14 giant nerve cells, which innervate the heart (Rozsa et al, 

1980) contain at least three peptides with molecular weights 5.0, 

3.3 and 1.3 kd. It may be one of these that Lloyd, (1982) resolved 

by gel filtration.

Large Cardioactive Peptides (LCP)

These were restricted entirely to Helix; no similarly-sized 

cardioactive fractions could be extracted from any of the other 

gastropods. The material eluted as a single peak on gel filtration, 

with an estimated mass of about 7000 (Lloyd, 1978a). Isoelectric 

focussing demonstrated that the single peak contained at least two 

peptides, differing in charge. One was basic, with an isoelectric
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point of 9.2 (LCPg), whilst the other was neutral (pi 7.4-LCP^).

Both peptides have the same effect on the isolated Helix heart, 

increasing beat amplitide and diastolic tone, but not influencing 

the rate of contraction (Lloyd, 1978a). In this respect they 

differed from SCP's.

As well as exciting cardiac muscle, LCP's potentiate the rate of 

peristalsis of the oesophagus and the electrical response of the 

pharyngeal retractor muscle of Helix (Lloyd, 1980a; 1980b).

Cardioregulation by LCP

There is substantial evidence that LCP's may play a role in 

cardioregulaticxi vivo. The proposal was that LCP's were

neurohormones, synthesised in the suboesog±iageal ganglion, 
transported along the visceral nerve and released into the auricle 

and then into the haemolyirph for stimulation of the ventricle.
The evidence to be described is from Lloyd, (1978b). Unlike the 

SCP's, high levels of LCP were found within the blood (at 

concentrations higher than the threshold for excitation of an 

isolated heart). This is an observation compatible with LCP being a 

circulating hormone.

The auricle has already been described to morphologically and 

ultrastructurally resemble a neurohaemal organ (Cottrell and 

Osborne, 1969) and here the largest amount of peptide was detected. 

The visceral trunk itself, contained LCP-like cardioactivity which 

could be released by electrical stimulation and blocked in ligation 

experiments. This confirmed that LCP could be transported from the 

ganglion to the site of release, the auricle. The ventricle 

contained no cardioactivity which indicated that the neuropeptide is 

carried in the haemolymph frcm the auricle to the site of effect. 
The calcium-dependent liberation of LCP from isolated suboesophageal
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ganglion is raised potassium media, mimicked the recognised 

mechanism of physiological release of a neurotransmitter/hormone 

(Rubin, 1970).

Taken as a whole this is extremely convincing evidence that DCP 

is a neurohormone responsible for cardioexcitation in Helix. It 

almost seems uninportant that the structures of the LCP's are 

unknown.

Oie obvious question that these results beg is that if the 

evidence for iji vivo cardioregulation by LCP's is convincing and 

that for SCP's is rather sketchy, what agents, if any, regulate the 

myocardical activity in those molluscs that lack LCP? It may be 

that the smaller peptides really do have a cardioregulatory function 

but as yet evidence is lacking.

Summary

By definition each of the factors reviewed displayed vitro

cardioactive properties, but each also induced specific responses in

a number of other preparations. This may suggest that each peptide

is multi-functional, perhaps acting as a general excitor, especially

should it circulate in the haemolymph as a hormone. The ability of

a peptide to induce a pharmacological response at suitably low

concentrations implies that the target tissue has specific receptors

for that peptide. However, this does not necessarily mean that the

peptide in question normally acts to regulate that tissue vivo.

As yet none of the cardioactive peptides discussed here has been

definitively shown to act as a cardioregulator in the intact animal,

although Lloyd's LCP, (1978a) looks very convincing in Helix. It is

reasonable to sujçose that the peptides must have some iri vivo

function - if they did not their presence would demand an
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explanation.

The recognition of other systems that are sensitive to the 

cardioactive peptide does have a particular value, for those may 

have qualities not held by cardiac preparations. This would appear 

to be very much the case in the cockroach, where the complex 

innervation of the myocardium makes it far less suitable for study 

than the proctodaeum. The canplex interaction between peptides and 

other agonists, frequently 5-HT and ACh, which has been seen in 

pharmacological terms in cardiac responses may well be more easily 

understood in other muscle preparations.

Even from the limited studies undertaken to date, it is already 

evident that peptides are likely to prove inportant in the 

invertebrate CNS, just as they are in the vertebrates (Snyder, 

1980). This is a particularly exciting prospect, for the ease of 
manipulation of many invertebrate neurons might permit the detailed 

analysis of the principles of peptidergic nervous modulation. Ihis 

has already begun with the experiments on the modulatory properties 

of the amines 5-HT and octopamine and the peptide, proctolin in 

lobsters (review Kravitz et al, 1983).

Although there is only limited evidence for the actual 

involvement in cardioregulation in vivo of cardioactive 

neuropeptides that are discussed in this review, their pronounced in 

vitro effects on the heart have facilitated their isolation and this 

in turn has made them useful in the study of peptide physiology.
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Amino Acid
Glu
Leu
Asn
Phe
Thr
Pro
Trp
Gly
Ser
Val
Lys
Asp
Ala

(1)
(2)
(3)

AKH
(1)

Neurohormone D Heart Accelerating Factors
(2)

Stone et al, (1976)

Baumann and Gersch, (1982) 

Traina et al, (1976)

2a
(3)

2b

Each cross represents a single amino acid residue

Table 5.1 The amino acid compositions of four cardioactive 

peptides extracted from the insect corpora 

cardiaca.
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Peptide Class Number Species Cardiac Effects
Chronotropic Inotropic

SCP 2 All + +

MCP ? Aplysia + +
LCP 2 Helix +

Species studied: Helix aspersa, Heliosoma travolvis
Lymnaea stagnaiis, Tritonia diumedia 
Aplysia california, A. brasiliana

+ indicates positive effect.

Table 5.2 Gastropod cardioactive peptides (from Lloyd,

1982).
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Chapter VI: Some Experiments Investigating Physiological 

Functions of Endogenous Cardioactive Peptide CAF 2

Introduction

We have seen in Chapter IV that the nervous system of larval 

Manduca sexta contains probably two cardioactive peptides - CAF 1 

and CAF 2. Several procedures will be considered in this chapter 

which were used in an attempt to identify possible in vivo functions 
of CAF 2.

Regulation of the heart of larval Manduca sexta 

Materials and methods

It became important to demonstrate if CAF 2 could affect heart 

activity in the intact larva, as well as in the seni - isolated 

conditions.

Ihe in vivo heart activity was recorded using the same 

electrocardiogram circuit described in Chapter II. CAF 2, 

partially-purified by RP-HPLC was diluted in Manduca saline and 

injected into the haemolymph via a fine-needled microsyringe through 

the body wall at the base of the larval 'horn', which is on segment 

A7. Thus CAF 2 was injected close to the posterior end of the 

dorsal vessel. Suitable control injections were also made. Because 

the injections would have disturbed the animal, causing it to move 

and thus interfere with the electrocardiogram recording, the larva 

was first treated with 4 ug of tetrodotoxin (TTX) to paralyse it. 

TTX is a neurotoxin which acts by blocking voltage-sensitive sodium 

channels and tdius preventing the generation of conventional 

sodium-dependent action potentials (Narahashi et al, 1964). TTX 

acts as an anaesthetic in insects (Nijhout, 1976); it appears to
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block nervous transmission in peripheral nerves, but does not 

apparently enter the CNS (Nijhout, 1976). TTX has no effect on the 

heartbeat in Manduca, probably because the visceral muscle cells of 

the heart generate calcium-dependent action potentials (McCann, 

1971).

Electrical stimulation of the abdominal segmental nerves

Semi-isolated larval heart preparations were set up in exactly 

the same fashion as described in Chapter II, except that the body 

wall was cut only along one side before being pinned out in a 
Sylgard (Dow Corning) filled dish. The gut was carefully removed 

leaving the entire nervous system intact.

The segmental nerves of abdominal ganglion 7 were cut close to 

the nerve and electrical stimulation of the nerves was done with 
either silver hook electrodes or a saline-filled suction electrode.

High Potassium Stimulation

Freshly dissected larval abdominal nerve cords (ANC) were 

incubated for 30 mins in a zero calcium saline (saline A - Table 

6.1). They were then transferred to a normal calcium/high potassium 

saline (saline B - Table 6.1) for 15 mins or a zero calciuin/high 

potassium saline for the same period. All incubations occurred at 

room temperature. The saline solutions were then boiled for 2 mins 

prior to gel filtration on Sephadex G-15 (see Chapter IV for all 

details).

Cardioactive content of larval haemolymph

Blood from fifth instar larvae (8-10 g) was collected from

animals anaesthatised in water for 30 mins in polypropylene tubes

into which a few crystals of recrystallised phenylthiourea (PTU) had
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been introduced. It was then boiled for 2 mins, sonicated, 

centrifuged and separated on Sephadex G-25, all as described in 

Chapter IV. The resultant fractions were assayed on the 

semi-isolated larval heart assay.

Regulation of the adult heart of Manduca sexta

Reference has already been made to a report by lUblitz and 

Truman, (1981) of a cardioactive peptide that modulates heart 

activity during the adult development of Manduca sexta. The authors 
provided data that suggested a small, heat stable peptide of less 

than 1 0 0 0 daltons was released from the transverse nerves 
(perivisceral organs) into the haemolymph during the eclosion and 

wing spreading of adult Manduca and was responsible for the 50% rise 

in heartrate associated with this event.

The obvious similarity between the factor described by Tublitz 

and Truman, (1980; 1981) and CAF 2 demanded a repeat of their

procedure to see if the factor released into the blood during adult 

eclosion is equivalent to the small peptide contained in larval 

tissues.

Materials and methods

Haemolymph from newly eclosed adult Manduca, in the process of 

spreading their wings was obtained by severing the head and 

collecting the sample into an ice-cold polyethylene tube, containing 

a few crystals of recrystalised PTU to inhibit tyrosinase activity. 

Controls were blood samples from pharate adults that were within 

2-3 h of eclosion. The titre of the peptide in all the samples was 

measured by direct bioassay of the blood on the semi-isolated 

pharate adult heart.
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A comparative estimate was made of the cardiostimulatory content 

of pharate adult and larval transverse nerves by assay on the 

semi-isolated adult heart.

Samples of blood from eclosing adult Manduca, in the process of 

spreading their wings were separated on Sephadex G-15 (see treatment 

of larval blood for details).

The cardiostimulatory content of pharate adult corpora 

cardiaca/allata was investigated. Thirty of these were dissected 

from pharate adults (2-3 h from eclosion) and frozen on dry-ice. 

They were separated on Sephadex G-15 and the fractions prepared for 

bioassay on the semi-isolated larval Manduca heart (for all details 

see Chapter IV).

High Potassium incubation

Transverse nerves from pharate adults were subject to the same 

sequence of experimental incubations as described for the larval 

transverse nerves (see above).

Pharmacological effects of CAF 2 on other Lepidopteran hearts

CAF 2 was assayed on semi-isolated heart preparations of two 

other Lepidoptera - another Sphingid, Acherontia atropos (Death's 

Head Hawkmoth) and a Saturniid, Antheraea polyphemus (American Oak 

Silkmoth).

Materials and methods

A feeding fifth instar A. atropos larva, reared under identical 

conditions to Manduca (see Chapter II) was used. The semi-isolated 

heart preparation was prepared in exactly the same manner as that of 

larval Manduca sexta and perfused with the same Manduca saline (see 

Appendix). ANC extracts, drug solutions and Manduca CAF 2 were
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prepared as earlier (Chapters III and IV).

Antheraea polyphemus:- fifth instar larvae feeding on hawthorn 
(Crataegus) under long day conditions were used. All other 

procedures were as described above, except that the preparation was 
perfused with polyphemus saline (see Appendix).

Manduca larval hindgut bioassay

Actively feeding fifth instar larvae weighing 8-10 g were used. 

Larvae were anaesthatised in water for 15 mins, opened 

longitudinally on the dorsal surface and flooded with fresh Manduca 

saline. The anterior hindgut was removed and suspended by ligatures 

in a 5 ml organ bath that had been previously filled with saline and 

was being continuously and rapidly oxygenated. The anterior 

ligature was tied to the counterweighted (160 mg) arm of a

displacement transducer (Palmer) and the circuit conpleted with an 

amplifier and potentiometric pen recorder.

Throughout the course of the experiment the organ bath was

perfused with Manduca saline that was removed by suction at the

top. The rate of flow was typically 20 rtil/min.

Drug solutions and tissue extracts were prepared as earlier

(Chapters II, IV). When spontaneous contractions of the isolated

hindgut ceased the following sequence was employed: the saline flow

was stopped and the test sample added immediately into the bath with

a microsyringe. The rapid equilibration of the sample with the bath

saline was ensured by the rapid oxygenation. The sample was left in

contact with the preparation for a minimum of 2 min and then washed

off by perfusion with saline. The preparation was allowed to rest

until it had returned to the condition previous to the application,

before a further sample was injected. Sufficient controls were 
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Manduca larval foregut bioassay
Fifth instar larvae (8-10 g) were anaesthatised in water for 15 

mins, opened longitudinally along the dorsal surface and flooded 

with fresh Manduca saline. Ttie foregut was removed and suspended by 

ligatures in a 5 ml organ bath filled with Manduca saline. The 

bath's contents were continuously and rapidly oxygenated. The more 

anterior ligature was tied to the arm of a Palmer displacement 

transducer. Mechanical movements were displayed on a potentiometric 

pen record (Houston Instruments). Throughout the course of the 

experiment the organ bath was perfused from the bottom with Manduca 

saline that was ranoved by suction at the top. The rate of flow was 

typically 20 ml/min.

The sequence employed for the assay of drugs and extracts was 

the same as that described for the hindgut preparation except that 

extracts were left in contact with the tissue for greater lengths of 

tine - up to 45 min.

Cardiostimulatory content of larval frontal ganglia

Saline extracts of larval frontal ganglia were subject to 

Sephadex G-15 gel filtration and prepared for bioassay (see Chapter 

IV). The cardiostimulatory content was determined by assay on the 

semi-isolated larval heart.

Comparison of the cardiostimulatory content of frontal ganglia 

from feeding and starved Manduca larvae

Frontal ganglia were dissected from fifth instar larvae, 

weighing between 4.0 and 4.5 g tiiat had been starved for 48 h 

previously. Saline extracts were compared directly with frontal 

ganglia from feeding larvae of the same weight, on the semi-isolated 

larval heart.
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Results

Regulation of the heart of larval Manduca sexta
A clear and immediate increase in heart activity is seen when 

small doses of CAF 2 are injected into the haemolymph of intact 

fifth instar larvae (Fig 6.1). Saline injections had no effect. 

CAF 1, equivalent of 0.05 ANC gave a 65% increase in hear tr ate in 

the minute following injection.

Electrical stimulation of the segmental nerves

No acceleration or reduction of the heartbeat was seen when any 

of the segmental nerves (dorsal ventral and transverse nerves) were 

stimulated with either a hook or electrode suction electrode, up to 

a frequency of 60 Hz.

High potassium incubation

No cardioactivity was recovered from any of the three saline 

incubation media.

Cardioactive content of larval haemolymph

When haemolymph was separated on Sephadex G-25 a single peak of 

cardioactivity was resolved (Fig 6.2). The calibration of the 

column (Fig 4.5) suggests that the molecular mass of this factor is 

about 2000. No activity was detected in the position at which CAF 2 

elutes when ANC extracts are separated (see Chapter IV). No 

activity was observed in this region even when the combined 

haemolymph of thirty fifth instar larvae was processed and loaded 

onto the gel.
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Regulation of the adult heart of Manduca sexta

When blood samples from adults in the process of spreading their 

wings and from pharate adults within 2-3 h of eclosion were assayed 

on the semi-isolated pharate adult heart, cardiostimulatory material 

was found only in the former. Direct bioassay found that a 50 ul 

sample of blood from an eclosing adult contained 0.96 + 0.28 (mean, 

S.D., n = 6 ) units of activity.

vhen blood from eclosing adults was separated on Sephadex G-15 

all activity was recovered in the combined fractions 17-21. This is 

equivalent to the position at which CAF 2 elutes on this gel 
(Chapter IV). 7.8 units of activity were recovered fron the 

separation of blood from five adults.

A comparison of the cardioactive content of larval and pharate 

adult abdominal transverse nerves from individual animals found that 

the latter contained 3.3 units (mean of three applications) whereas 

the larval nerves contained 1.25 units (mean of three 

applications). As it could not be determined if all the transverse 

nerves were removed, this is a minimum value.

Sephadex G-15 separation of a saline extract of thirty adult 

corpora cardiaca/allata recovered a total of 29.4 units of 

cardioactivity in fractions 17-21, when combined. This is the 

elution position of CAF 2 on this gel (Chapter IV).

High potassium incubation

From an incubation of the ANC of ten pharate adult insects, 9.3 

units of cardioactivity (measured by the semi-isolated larval assay) 

were recovered in the high potassium/normal calcium. Nd activity 

could be detected in other salines. All of the activity was eluted 

on Sephadex G-15 in the combined fractions in which CAF 2 is 

recovered from ANC (see Chapter IV).
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Effects of CAF 2 on other Lepidopteran hearts

The semi-isolated atropos assay responded to applications of 

atropos ANC extract, Manduca ANC extra, serotonin and CAF 2. These 

responses, consisting of increases in the frequency and strength of 

beating are shown in Fig 6.3

The semi-isolated polyphemus assay responded to the application 

of polyphemus ANC extracts, octopamine and CAF 2. Serotonin was not 

tested. Both increases in rate and amplitude of contraction were 

seen in response to the effective agonists (Fig 6.4).

Sephadex G-15 filtration of pharate adult polyphemus ANC 

resolved two peaks of cardioactivity (Fig 6.5), the relative 

positions of which were very similar to the peaks of cardioactivity 

recovered when larval Manduca ANC are separated on the same gel 

(Chapter IV).

Manduca larval hindgut assay

5-HT, octopamine, ANC extract and CAF 2 all increased the

frequency of spontaneous contractile activity (Fig 6 .6 ). The
-9 -1threshold dose of 5-HT was approximately 10 mol 1 . Doses

greater than threshold had more prolonged effects on the

preparation, but no consistent dose-response relation was seen. 

Octopamine stimulated the tissue at a threshold concentration of 

10 ^ mol 1 giving a response similar to that induced by

5-HT. Again it was not possible to demonstrate a consistent

dose-response relationship.

Manduca larval foregut assay

The spontaneous contractile activity of the isolated foregut was 

increased when AtvC extracts, frontal ganglion extract and CAF 2 were 

injected into the bath (Fig 6.7). A 0.5 nmol dose of 5-HT had no 

effect.
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Cardiostimulatory content of larval frontal ganglia

Sephadex G-15 filtration of an extract of 25 frontal ganglia 

resolved 16.4 units of cardioactivity in the combined fractions 

17-21, which is the elution position of CAF 2 on this gel (Chapter 

IV).

Cardiostimulatory content of frontal ganglia from starved and 

feeding larvae

Direct bioassay of saline extracts found that the frontal 
ganglia of animals starved for 48 h contained 2.50 + 0.93 (mean, 

S.D., n = 5) units and those from feeding contained 2.21 + 0.77 

(mean, S.D., n = 5).

Discussion

In the present work the semi-isolated larval Manduca heart has 

been used to isolate two cardioacceleratory factors, probably 

peptides, from the larval nervous system (Chapter TV). This work 

may be compared with previous studies in which isolated heart 

preparations from other insects (particularly Periplaneta americana) 

have identified a number of other endogenous cardioactive factors 

(see Chapters IV, V). However a criticism that can be levelled 

against this kind of work is that these are purely pharmacological 

responses and that there is no evidence that the factors isolated 

can affect heartbeat in the intact animal. For example Mordue and 

Goldsworthy, (1969) demonstrated that a factor in the glandular lobe 

of locust corpora cardiaca caused the semi-isolated locust heart to 

beat faster but with a decreased amplitude. This factor was 

Adipokinetic hormone (AKH), a hormone that is known to be released

147



into the haemolymph just after the start of flight to mobilise 

lipids (Cheeseman et al, 1976). Relatively large doses of the 

hormone were required to initiate cardiac responses in the 

semi-isolated preparation; 500 pmol of AKH (equivalent to almost the 

total AKH content of the glandular lobe) gave only a 60% increase in 
heartbeat. It was further observed that injection of corpora 

cardiaca extracts into the haemolynph of intact locusts had no 

effect on heart activity (Mordue and Goldsworthy, 1969). The

authors therefore proposed that the effects of the hormone on the

semi-isolated heart were simply pharmacological and had no relevance 

to the control of the heart vivo.

In the case of Manduca larvae, injection of small doses of CAF 2 

into the haemolymph were able to produce immediate cardiac 

responses. This indicates that the peptide is capable of

stimulating the heart vivo but, of course this response is 
dependent on the peptide being presented to the heart and this has 

not been shown to occur naturally vivo. If it is remembered that 

the jji vivo hear tr ate is much higher than that measured in the 

semi-isolated preparation (Chapter II) this result shows that in the 

intact animal the heart is not beating maximally (ie. when

stimulated to do so, the heart can contract at an even faster rate).

The response of the semi-isolated Manduca heart to the peptide 

differs from that of the locust preparation to AKH (Mordue and 

Goldsworthy, 1969). The Manduca peptide generally causes an

increase in beat amplitude as well as an increase in rate. It may 

be that in the intact Manduca the principle effect of the peptide 

may be to increase the strength of contraction; such a response 

would not be reliably detected by the electrocardiogram recording
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method that was used here.

If CAF 1 and/or CAF 2 do regulate the heart ^  vivo, then they 

might affect the heart by their general release into the circulation 

(ie. as hormones) or they might be released locally (ie. acting as 

neuromodulators or neurotransmitters). In either case, it might be 

surmised that the abdominal transverse nerves might be inportant - 

either in their role as the principal neurohaemal sites of the 

abdominal CNS (see Chapter II) or as the direct nerve supply to the 

dorsal heart.

Miller, (1979) wrote 'the most desirable preparation for 

studying the neural control of insect heartbeat would be one 

including the heart plus innervating excitatory and inhibitory axon 

bundles which, when shocked, will either increase or decrease the 

heartbeat rate.'

Such a preparation was attempted here but no effects on the

resting heartbeat were observed when any of the segmental nerves 

(dorsal, ventral and transverse) were stimulated. This may mean 

that either the nerves do not affect heart activity, or that the 

experiment was in some way inadequate. Other workers have 

apparently experienced a similar lack of success with experiments of

this kind. Electrical stimulation of either a lateral cardiac or

segmental nerve of the american cockroach gave a transient increase 

that rapidly habituates (Miller, 1979<i and although Senff, (1971) 

did report greater success when he stimulated three segmental nerves 

at once it seems that insect hearts may not be ideal for this

experimental approach. It may be that simultaneous activity in many 

cardiac nerves at once is necessary. Perhaps intracellular 

stimulation of cell bodies whose axons project to the dorsal vessel 

may produce more clear-cut effects.
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It was also not possible to recover cardioexcitatory material 

frcxn the high potassium/normal calcium medium in which isolated 

larval ANC were incubated. This use of a depolarising high-potassium 

stimulus (dependent upon calcium) mimics physiological hormone 

release (Rubin, 1970). Although the amount of material released by 

such a stimulus is usually very small (Taghert and Truman, 1982 

report only 1% of the burs icon in the ANC of Manduca is released), 

the assay should have been able to detect this. However the 

necessary gel-filtration step may have consumed a large amount of 

any material that was released.

CAF 2 could not be detected in the larval blood. There was only 

one peak of cardioactive material. However it is difficult to 

reconcile the very high levels of this factor in the blood with the 

heartrate normally recorded (Chapter II). The most likely 

explanation is that it is some kind of artefact, perhaps an 

oxidation product that is formed when the blood sample is taken and 

that has the ability to interfere with the assay. Certainly the 

lack of activity of control tissues (Chapter IV) and the absence of 

CAF 1 from pharate adult ANC, which are bathed in blood that also 

contains the same factor, strongly suggests that this blood-borne 

factor is also distinct from CAF 1.

Regulation of the adult heart of Manduca sexta

The experiments indicate that a small peptide (CAF 2) is 

released from the abdominal transverse nerves and circulates as a 

neurohormone at eclosion. The results thereby reproduce very 

closely those of Tublitz and Truman, (1981).

Since the actual structures of the small peptides recovered in 

the studies (called CAF 2 here and CAP in Tublitz and Truman, 1981)

are unknown it cannot be categorically stated that they are the same.
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Chromatographically they appear extremely similar.

Cardioactivity was only found in blood taken from newly-eclosed 

adults ( 10 mins after leaving the pupal case) and was not

detectable in blood from pharate adults. Tublitz and Truman, (1981) 

determined the peak of CAP in the haemolymph was reached 5 mins 

after the initiation of eclosion.

The release of CAF 2 by high potassium stimulation mimics the 

physiological release mechanism and combined with the demonstration 

of cardioactivity in the neurohaemal transverse nerves suggests that 

these are the sites of release. In addition to this Tublitz and 

Truman, (1981) found that the amount of CAP stored in the ventral 

nerve cord decreased by 80% during eclosion.

Cardioactivity (CAF 2) was also found in the pharate adult 

corpora cardiaca/allata, which are also well-known neurohaemal 

organs. This implies that there may be a second site of release for 

the peptide which may occur at eclosion or possibly at different 

times.

The evidence presented here fits in nicely with the known 

increase in heart activity measured during the eclosion and wing 

spreading of adult Lepidoptera (Wasserthal, 1975; IViblitz and 

Truman, 1981). The increase in rate of heartbeat (and also that of 

the accessory hearts at the wing bases) probably functions to

redistribute blood to the front of the animal and to remove blood

from the wings, which would otherwise fill up with blood, once they 

have stretched.

Pharmacology of other Lepidopteran hearts

The sensitivity of the semi-isolated larval hearts of A. atropos

and A. polyphemus to CAF 2 indicates that the peptide may be a

putative cardioregulator in other lepidoptera. Some of the
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invertebrate cardioactive peptides, reviewed in Chapter V have been 

shown to influence the hi vitro heart activity of several species. 

From their survey of the pharmacological responses of molluscan 

myocardia. Painter and Greenberg, (1982) made the general conclusion 

that PMRFamide was predominantly a card ioexci tor, but on some 

preparations it was ineffective and on others it was inhibitory and 

that it did not always mimic the responses to 5-HT.
There are also indications that the cardioactive factors in A. 

atropos and A. polyphemus nay be similar to those in Manduca 

(Chapter IV). Crude ANC homogenates from these two species could 

also simulate the larval Manduca bioassay in an identical fashion to 

Manduca ANC extract.

Sephadex G-15 filtration of ANC from pharate adult polyphemus 

separated two peaks of cardioactivity (Fig 6.5). These were eluted 

in positions seemingly identical to the factors resolved from larval 

Manduca ANC (Chapter IV). It is interesting that pharate adult 

pxDlyphemus contains a large factor, whereas pharate adult Manduca do 

not (CAF 1 is restricted to larvae). Although the nature of the 

endogenous substances from polyphemus was not investigated further, 

it is extremely likely that at least the smaller of the two is 

similar to Manduca CAF 2. The occurrence of the same peptide in 

more than one species would be strongly expected (see Chapter IV).

Ihe Manduca hindgut

The small cardioactive factor, CAF 2, was able to induce pyloric 

contractions in the quiescent hindgut. The same effects were seen 

when either serotonin, octopamine, or crude extracts of the ANC were 

injected into the bath. Although only a few agents were presented 

the nature of the effective drugs and extracts suggests that the
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pharmacology of the hindgut might closely resemble that of the 

larval heart (see Chapter IV). If this is the case then the hindgut 

might be a site of action for the peptide vivo. Several 

invertebrate peptides have been implicated in the regulation of gut 

activity (Chapter V) . Proctolin is a neurotransmitter/modulator at 

the cockroach hindgut (Chapter V) - but does not affect the Manduca 

hindgut, whilst evidence suggests the gastropod cardiostimulatory 
peptide SCP is the physiological regulator of foregut activity in

Tritonia diomedia.

A detailed study of the ultrastructure of the Manduca hindgut 

has been made by Reinecke and co-workers (Reinecke et al, 1973; 

Reinecke and Mams, 1977; Reinecke et al, 1978) and from this have 
formulated a hypothesis on the mode of muscle activity for the 

production and movement of a faecal pellet. Fig 6.8 is a

reproduction of the generalised drawing of the fifth instar larval

hindgut from Reinecke et al, (1973).

The proctodeum consists of four regions: pylorus, ileum, colon 

and rectum. The pylorus and ileum are predominantly responsible for 

the packing of the gut contents into faecal pellets whilst the

posterior hindgut (the colon and rectum) are thought to resorb fluid 

and then eject the pellet.

The anterior hindgut receives innervation from the proctodeal 

nerve (see Fig 6 .8 ), small branches of which terminate in the outer 

circular muscles and some of the longitudinal muscles of the pyloric 

cone (see Fig 6 .8 ). Reinecke et al, (1978) identified a pair of 

giant multinucleated nerves attached to the dorsal branch of the 

proctodeal nerve which lie either side of the rectal valve (Fig 

6 .8 ). These peripheral nerves have axons that run anterior down the 

proctodeal nerve and innervate the outer circular musculature of the
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pylorus. Hie observation of electron-dense granules when sectioned 

confirmed that they are probably neurosecretory in nature (Reinecke 

et al, 1978). Reinecke et al, (1978) proposed that the midgut 

ingesta enters the pylorus and is then forced into the expandable 

ileum by the rhythmical contractions and as more gut contents are 

packed a solid faecal pellet is formed. Fluid is then reabsorbed by 

the epithelium of the ileum and anterior colon.

When the pellet reaches a maximum size stretch receptors on the 

surface of the ileum are activated and this in turn activates 

inhibitory nerves in the terminal ganglion which stop pyloric 

activity. Ihese stretch receptors also activate motor neurones that 

cause contraction of the inner longitudinal muscles of the ileum and 

colon v^ich, with contractions of the inner circular muscles, 

facilitate the backward movement of the pellet by the generation of 

a peristaltic wave. After further fluid resorption in the colon the 
pellet is extruded.

Little is known of the control of pyloric activity, but the 

rhythm is apparently myogenic. In this report contractions were 

observed in the immediately isolated guts but declined with time. 

The effective agents could then re-establish the rhythm. In 

dissected preparations Reinecke et al, (1973) reported continued 

contractions when either the proctodeal nerve was cut or the gut 

treated with TTX (which chemically denervates the muscle) suggesting 

the rhythm is myogenic. The anatomical evidence suggests that there 

may be nervous regulation of the myogenic rhythm for branches of the 

proctodeal nerve and the peripheral neurones innervate the pylorus 

(Fig 6 .8 ). Therefore this control could be either by motor neurones 

or peripheral neurosecretory neurons or even both. It is even 

possible that circulatory neurohormones might have an influence on
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gut activity, a role that has been suggested for the hindgut 

stimulating neurohormone in Leucophaea maderae (Cook and Holman, 

1979). There is however no evidence that shows this substance is 

ever present in the blood. Therefore CAF 2 could regulate hindgut 

activity by acting as a transmitter, a locally released 

neuromodulator or a circulating hormone: though the latter seems

doubtful because of its apparent absence from the haemolymph (see 
Chapter IV).

The larval foregut

Essentially the evidence presented for the involvement of CAF 2 

in the regulation of foregut activity is the same as that just 

described for its proposed action at the hindgut.

The frequency of spontaneous contractions is increased in the 

presence of ANC extract, frontal ganglion extract and CAF 2 (Fig 

6 .7 ), whilst the frontal ganglion has been shown to contain a factor 

that behaves chromatographically the same as the small peptide, CAF 

2. This peptide may therefore function as a neurosecretion of the 

frontal ganglion and be involved in the control of the foregut

musculature.

The frontal ganglion is part of the stomatogastric nervous

system. In general it is joined by two bilateral connectives to the

anterior surface of the brain whilst the unpaired recurrent nerve 

runs under the brain and along the oesophagus to the hypocerebral 

ganglion (Wigglesworth, 196S’>). This anatomy has suggested to many 

workers that the frontal ganglion is involved in the control of

feeding and the contractile activity of the foregut. Studies have 
been facilitated by the relative ease of frontal ganglionectomy, but 

the reported effects of the operation are variable to say the least.

In Periplaneta americana removal slows the passage of food
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through the gut by retarding crop emptying (Davey and Treherne,

1963). In Locusta migratoria migrator ioides, Clarke and langley,

(1963a, 1963b); Anstee and Charnley, (1977) reported a- cessation of 
not*growth but ^normal feeding. In a study of Manduca sexta, 

Constantine, (1980) found a great reduction in the growth of 

gangl ionec tomised larvae but not in ones in vhich the frontal 

connectives or frontal nerve had been cut.

Despite the uncertainty of the function of the frontal ganglion, 
the demonstration of neurosecretory cells in it in some insects 

implies that neurosecretions may be important. Light microscopy of 

sections of frontal ganglia from Manduca sexta revealed two 

paraldehyde fuchsin-positive cells (Borg et al, 1973; Bell et al, 

1974). üifortunately the route and termination of axons from these 

cells were not determined. Neurosecretory cells that stain in this 

way are thought to contain polypeptides, so it is a possibility that 

CAF 2 explains the positive fuchsin staining.

Bell at al, (1974) found that the amounts of neurosecretory 

material in the perikarya of the two FG cells was dependent upon the 

developmental status of the insect. Diapausing pupae and starved 

fifth instar larvae had large accumulations of neurosecretory 

material; feeding larvae and developing pharate adults had very 

little. This was explained as the result of diminished transport 

and release but continued synthesis of the secretion during inactive 

stages.

If CAF 2 is the neurosecretory product stained in these cells, 

then it might be expected that the cardiostimulatory content of 

frontal ganglia frcxn starved larvae would be greater than for 

feeding larvae. Despite a wide variation in the cardioactive 

content of the ganglia, no obvious difference was seen between the

cardioactivity of frontal ganglia in starved and fed larvae.
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However this lack of difference could be explained if the material 

stained by Bell et al, (1974) is a biologically-inactive precursor. 

In addition it has to be said that it was not confirmed in this 

study that the neurosecretory cells in the starved larvae had 

accumulated neurosecretory material. Bell et al, (1974) did not 

report the frequency of appearance of the cells. The hypothesis 

that CAF 2 might be a product of these cells therefore demands 

closer attention.

Summary

To summarise very briefly, the experiments in this chapter 

confirm the very likely role for CAF 2 in modulation of heart 

activity at adult eclosion, but have not resolved if it regulates 

the heart in the larva. Hie evidence so far suggests not, but is 

not conclusive. Instead, in the larva the peptide may function in 

the regulation of gut activity.
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Saline NaCl KCl Mgci^ CaCl^ Sucrose EDTA

A 2 40 21 0 193 2
B 2 400 21 3 0

C 2 400 21 0 2

Table 6.1 Composition for salines used for high potassium

incubation.
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Fig 6.1 Electrocardiogram recording of heart

activity of fifth instar larvae.

A. Injection of saline into haemolymph

B. Injection of 0.2 ANC equivalent of CAF 2
C. Injection of 0.05 ANC equivalent of CAF 2 

The bar represents 30 s.
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Fig 6.2 Sephadex G-25 chromatography of the

haemolymph from a fifth instar larva. The

continuous line shows optical density

measured at 280 nm. The histogram shows the

amounts of cardioactivity recovered in the

eluted fractions. Conditions are described 

in the text.
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Fig 6.3 Response of semi-isolated atropos heart to:

A. 0.05 atropos AISC extract.

B. 0.05 Manduca ANC extract.

C. CAF 2, equivalent to 0.2 Manduca ANC.

D. lO"^ mol 1 "^5-HT.

Scale bar represents 30 s.
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Fig 6.4 Response of semi-isolated polyphemus heart

to:

A. 0.05 polyphemus ANC extract
B. CAF 2, equivalent to 0.2 Manduca ANC

-5 -1C. 10 mol 1 octopamine.
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Fig 6.5 Sephadex G-15 chromatography of an extract

containing 10 ANC from pharate adult A. 

polyphemus. The continuous line shows 

optical density at 280 nm. The histogram 

shows the amounts of cardioactivity 

recovered in the eluted fractions. 

Conditions described in text.
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Fig 6 . 6 Effect of: A. 10 ^ mol 1 ^ 5-HT;
-6 -1B. 10 mol 1 octopamine;

C. 1 X  ANC extract;

D. CAF 2, equivalent 1 x ANC on the 

spontaneous activity of the Manduca

hindgut. The bar represents 30s.
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Fig 6,7 Effect of: A. 2 x ANC extract;

B. 1 X Frontal ganglion extract;

C. CAF 2, equivalent to 1 x ANC on the 

spontaneous activity of the larval foregut. 

Ihe bar represents 2 min.
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Location Location
A anus 2 0 PD = posterior colon dilator muscles 13-20
A D common malpighian ampulla PE = posterior external minor longi

exit duct 4 tudinal muscle 10-20
AP anterior proctodaeal nerve 2 PL pyloric cone longitudinal
C colon 10-14 muscles 3-4
CA common malpighian ampulla 3 4 PLN = posterior lateral nerve 13^
C N caudal nerve 13-20 PM pyloric cone circular muscles 2 ^
D M diagonal muscle of rectal valve 14-15 PN  ̂ proctodaeal nerve 1-15
1 ileum r> V PPM posterior pyloric va be longi
IL ileolobe h X tudinal muscle 5-6
IN ileonode 0 - 7 PR posterior interstitial ring 2
IS ileal sensory neuron 6 PS posterior interstitial suspen
ISE ileal supercontracting muscle sory muscle 4-2

longitudinal extension 7- PV pyloric valve 4-5
IT -  inner malpighian tubules (of PVC -  pyloric valve circular muscle 2 ^

rectal sac) 15-20 R = rectum 14-20
IT R =  internal tracheal branch of RC rectal sac circular muscle 15-20

rectal sac 19 RL =  rectal branch of posterior
L M =  longitudinal muscle o f rectal lateral nerve 14-20

valve 14-20 RS =  rectal sac 15-20
M =  midgut 4 1 RV =  rectal valve 14-15
M D =  midcolon dilator muscle I I SC =  supercontracting muscle of
M G L =  midgut longitudinal muscles - 1 ileum and colon 5-14
M G M =  major midgut longitudinal SM =  specialized innervated muscle

muscle bundles ^ 1 extension 5-14
M N =  multinucleated neurons 14 SM B =  specialized innervated muscle
M T =  malpighian tubules ^ 1. 16 extension band 5-14
O T =  outer malpighian tubules (of SR =  sclcrotized ring of rectal valve

rectal sac) 16-20 and anus 15. 20
P =  pylorus 2-5 TG =  terminal ganglion 11-12
PC =  pyloric cone 2-4

Fig 6.8 Generalised drawing of the hindgut of a 

fifth instar Manduca larva.

(from Reinecke et al, 1978)
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Summary

The cornerstone of this study of cardioregulation in Manduca 

sexta is a semi-isolated heart preparation. As a bioassay organ it 

can detect very small quantities of active material, which increase 

the rate and force of contraction.

Of a number of drugs screened for activity only the amines 5-HT 

and octopamine had any effect. The thresholds for these were 5 pmol 

and 50 pmol respectively. Some structurally-related analogues were 

also assessed for activity and from these results inferences were 

made about the nature of the receptors mediating the responses. 

Only a few analogues could induce effects. Ihe receptor for 

serotonin in particular was quite unlike those previously described 

in insects with the exception of the Rhodnius malpighian tubule 

receptor, where the endogenous agonist is thought not to be an 

amine, but a peptide. Neither the serotonin nor the octopamine 

response could be blocked by the conventional antagonists tested. 

This latter observation was an indication that the cardioactive 

factors found in Manduca might not be amines.

The assay could also detect activity widespread in the nervous 

system, but concentrated in the abdominal nerve cord. 

Chromatography resolved two factors from nervous system extracts, 

CAF 1 (molecular weight about 4000) and CAF 2 (molecular weight less 

than 1000), both of which had the properties of peptides. That 

these endogenous factors were peptides was not a great surprise, for 

several studies have demonstrated the presence of myotropic peptides 

in insects.
Although complete characterisation was not achieved the effects

of enzymatic and chemical incubations suggested some important

features of the CAF 2 molecule. Ihese should be confirmed when the
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amino acid sequence is known.

Factors similar to CAF 1 and CAF 2 are apparently present in 

other Lepidoptera.

That a factor can stimulate the heart ^  vitro does not 
necessarily mean it has any in vivo effects on the heart. CAF 2 was 

investigated along several lines to see if it has any function in 

cardiac regulation in the intact insect.

Work done elsewhere has shown the release of a cardioactive 

peptide into the blood at the time of adult eclosion. Itie 

characteristics of this cardioactive neurohormone suggest that it is 

very likely to be CAF 2.

Despite the fact that cardioactivity is found in the larval 

segmental nerves that innervate the heart and that inject CAF 2 

causes an immediate increase in heartrate it was not possible to 
show that CAF 2 is released locally onto the heart from the 

abdominal transverse nerves, or that it circulates in the larva as a 

neurohormone as it does in the eclosing adult. Therefore its 

function (if any) in the regulation of the larval heart remains 

unclear.

Experiments were also done to see if CAF 2 had effects on any 

other visceral tissues in the larva in the knowledge that other 

invertebrate cardioactive peptides often affect muscles other than 

the heart. IVo regions of the gut, the hindgut and the foregut are 

sensitive to nervous system extracts and CAF 2. Ihe response in 

each case is an increase in the frequency of spontaneous activity. 

These may be physiological sites of action for the peptide in vivo.

It would seem that the most reasonable approach to determining 

the physiological function of the peptides will be first to 

determine their complete structure. For this the semi-isolated heart

168



assay will be invaluable but the techniques involved will require 

quantities of material much larger than were available during the 

course of this study.
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Appendix

Composition of Manduca saline

KCl, 40 mmol/1; NaCl, 4 mmol/1; MgCl^, 18 mmol/1; 

CaCl^, 3 mmol/1; Na^HPO^, 1.5 mmol/1;

^ ^ 2 ^ 4 '  sucrose 193 mmol/1

adult Manduca saline - as above except sucrose 243 mmol/1

polyg^emus saline - as above except sucrose 138 mmol/1
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