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CHAPTER I

INTRODUCTION

At each instar the visible form of the insect body is
defined by the cuticle. In the softer parts of the integu-
ment the cuticle can unfold and stretch, but in the more
inflexible regions, such as the head and appendages, growth
cannot occur unless the cuticle is shed. Thus moulting is
primarily a mechanism of growth, conditioned by the
properties of the cuticle, and serves to allow increase in
size and change of form (WIGGLESWORTH, 1965, 1970). Growth
implies the production of materials, and in partic;lar pro-
teins, for the formation of the animal (CLARKE, 1965), and
is seen to be a continuous process during each instar with
only slight discontinuities at ecdysis caused by the loss
of the shed cuticle (HIGHNAM and HILL, 1969). The protein
requirements for growth are met by the normal food intake
and, as.CLARKE points out, the link between food intake and
growth is of fundamental importance since through it are
initiated those physiological mechanisms which will synthe-
size the nutrients of the food into the specific proteins
of the insect's body. The stomatogastric nervous system

and the neuroendocrine system constitute this link.
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The foregut in insects is innervated by the stomato-
gastric nervous systém (CRLOV, 1924; WILLEY, 1961; CLARKE
and LANGLEY, 1963, b, c; DANDO et al., 1968) which is
present, in some form or another, in all known insect
species (review by CAZAL, 1948). As ROOME (1968) has indic-
ated, the anatomy and function of the stomatogastric nervous
system varies according to the mode of feeding of the
species concerned. Thus it is generally reduced in liquid
feeding insects, where foregut movement is mainly myogenic
(JONES, 1960; KNIGHT, 1962), but is more in evidence in
insects feeding on solid food stuffs, where movement of the
foregut is both myogenic and neurogenic (GRENVILLE, 1962;
ROOME, 1968; COOK et al., 1969; MOHL, 1972).

Surprisingly little research has been conducted on the

nervous control of foregut movement. In Schistocerca

eregaria (CLARKE and GRENVILLE, 1960; GRENVILLE, 1962)
movements of the foregut cease altogether after severance

of the nerves running from the ingluvial ganglia to the gut.
Since the cutting of the outer oesophageal nerves has no.
effect upon foregut movement these authors conclude that the
ingluvial ganglia are autonomous in their effects. According
to CLARKE and GRENVILLE the ingluvial ganglia control the
contractions of the posterior crop and gizzard, while the
hypocerebral ganglion acts by influencing the rate of
relaxation of the foregut musculature. The brain and sub-
oesophageal ganglion do not appear to belimplicated in the
contrpl of foregut movement. Certain regions of the gut,
and in pafticular the oesophagus, display pronounced

myogenic activity. ROOME (1968) studied the role of the



stomatogastric nervous system in the control of foregut

movement in lLocusta migratoria and his results parallel those

of the above authors. In addition he found that foregut
activity was unaffected by the removal of the frontal gang-

lion. In Acheta domesticus (MOHL, 1972) the neural mechanism

co-ordinating foregut movement is located in the oesophageal
nerves, with the hypocerebral and ingluvial ganglia playing
merely a stabilizing role.

The involvement of the stomatogastric nervous system in
the control of feeding behaviour has been little studied.
The results of some ten years' research into the regulation of

feeding in the blowfly, Phormia regina, are presented in two

reviews (DETHIER, 1969; GELPERIN, 1971). Briefly, food
intake in this insect is regulated by the interplay of vary-
ing excitatory input from external chemoreceptors and
fluctuating feedback from internal mechanoreceptors (stretch
receptors) located in the gut and body wall. The stretch
receptors are stimulated by the filling of the foregut and
their activity, upon arrival at the brain, inhibits the

input from the external receptors, resulting in increased
taste threshold and consequent cessation of feeding. Inform-
ation from the foregut receptors is passed to the brain by
way of the recurrent nerve. The cutting of this nerve
anterior to the stretch receptors interrupts the inhibitory
input to the brain and induces hyperphagia. Meal size and the
osmotic pressure of the crop éontents and blood influence the
rate of crop emptying, this process being independent of

nervous or endocrine elements.



The stomatogastric nervous system controls crop emptying

in Periplaneta and exerts its effect at the level of the

proventricular valve (DAVEY and TREHERNE, 1963). The osmotic
pressure of the ingested meal, which influences the rate at
which the crop empties (TREHERNE, 1957), is detected by a
sense organ in the wall of the pharynx. From here informa-
tion is passed via nerve 5 to the frontal ganglion. A motor
pathway, involving the recurrent nerve, the oesophageal

nerve and ganglion, and the ingluvial nerve and ganglion,
controls the extent and frequency of opening of the proven-
tricular valve. Crop emptying is inhibited when the above

pathway is surgically interrupted. In another species of

cockroach, Leucophaea maderae, the osmotic values of the food
probably do not affect the rate of crop emptying (ENGELMANN,
1968). More important in this respect is the consistency of
the food and the initial size of the meal. ENGELMANN con-
siders that the degree of stretch of the crop by the food,

. and the consistency of the food, is recorded by the stomato-
gastric nervous system, which in turn controls opening of the
proventricular valve via the ingluvial or proventricular
ganglion.,

The stomatogastric nervous system also controls crop

emptying in various acridids, including Schistocerca gregaria
(HIGHNAM et al., 1966; HILL et al., 1966); Gryllus
bimaculatus (ROUSSEL, 1966); Locusta migratoria (ROOME, 1968);

and Melanoplus differentialis (GILLOIT et al., 1970; DOGRA

and EWEN, 1971).



In Locusta the stomatogastric nervous system is linked
to the cerebral neuroendocrine system by the frontal connect-
ives and, as STRONG (1966) has revealed, by two pairs of
fine nerve branches which run from the nervi corporis

cardiaci interni to the hypocerebral ganglion.

The insect endocrine system has four major components:
groups of neurosecretory cells in the brain, the corpora
cardiaca, the corpora allata and the prothoracic glands.
Numerous papers have been published on the anatomy and
histology of these structures for a wide range of insect
groups; some notable reviews are those by CAZAL (1948),
WIGGLESWORTH (1964, 1965, 1970), GABE (1966), NOVAK (1966),
HERMAN (1967, JOLY (1968) and HIGHNAM and HILL (1969).
Particular attention is paid here to the structure of the
endocrine system in Locusta.

The cerebral neurosecretory system in acridids has been
reviewed by GIRARDIE (1970). In Locusta the neurosecretory
cells in each half of the pars intercerebralis form two
groups: a medial group (CLARKE and LANGLEY, 1963d;
GIRARDIE and GIRARDIE, 1966, 1967) and a lateral group
(RAABE, 1964). The medial group contains three cell types:
A, B and C (CLARKE, 1966; GIRARDIE and GIRARDIE, 1966,
1967). .The majority of the axons from each median neuro-
seifetory cell group decussate within the brain and emerge
as the ner&us corporis cardiacum internus (NCC I) to enter
the contralateral corpus cardiacum. The remaining axons
cross over twice and so enter the ipsilateral corpus cardi-

acum (HIGHNAM, 1969; HIGHNAM and WEST, 1971). The axons



from each lateral neurosecretory cell group constitute the
nervus corporis cardiaci externus (NCC II) and run directly
to the ipsilateral corpus cardiacum, A third group of proto-
cerebral neurosecretory cells, which are situated below the
median ocellus, have recently been described in Locusta and

Schistocerca (GIRARDIE, 1970) and Melanoplus (DOGRA and EWEN,

1970). Many insect species, including Locusta, contain a
group of neurosecretory cells in each tritocerebral lobe
(RAABE, 1963a). The axons of these cells run to the ipsi-
lateral corpus cardiacum as the nervus corporis cardiacum III
(NCC III) (RAABE, 1963b). A fourth pair of nerves, the nervi
corporis cardiaci IV (NCC 1IV), which leave the posterior face
of the deuterocerebrum and run to the corpora cardiaca, have
been described in Locusta, and a number of other insect
species, by BROUSSE-GAURY (1967). The cell bodies of these
nerves have not been identified in Locusta, but BROUSSE-GAURY
has been able to detect a few "Gomori positive" cells in the

deuterocerebrum of Dytiscus marginalis which, she believes,

may be the perikarya of the NCC IV,

The corpus cardiacum in Locusta has been variously des-
cribed, both at the light (NAYAR, 1954; OZBAS, 1957b; CLARKE
and LANGLEY, 1963d; CASSIER, 1965) and ultrastructural
(CASSIER and FAIN-MAUREL, 1970a, b; CAZAL et al., 1971)
levels. It is made up of the bulbous endings of the neuro-
secretory axons from the brain, carried in the NCC I-IV, but
also contains intrinsic glandular cells of its own.

Closely associated with the corpus cardiacum is the
corpus allatum, whose structure in Locusta has been described

at the light level by 0ZBAS (1957a), JOLY (1960), ANSTEE
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(1968) and CLARKE and ANSTEE (1971), and at the ultra-
‘structural level by JOLY et al. (1967, 1968, 1969). The
corpus allatum contains numerous glandular cells as well as
- axon termini derived from the nervus corporis allatum I

(NCA I), and nervus corporis allatum II (NCA II). The NCA I
links the corpus allatum to the corpus cardiacum, while the
NCA II links it to the sub-oesophageal ganglion (STAAL, 1961).
Neurosecretory material has been detected in the NCA I
(CASSIER and FAIN-MAUREL, 1970b) and NCA II (CHALAYE, 1965,
1966, 1967).

The prothoracic glands in Locusta'are composed of a
thin sheet of cells lying at the postero-lateral edge of the
head capsule (STRICH-HALBWACHS, 1954). Their ultrastructure
in the nymphal form has been described by FAIN-MAUREL and
CASSIER (1968). CLARKE and LANGLEY (1963a) could find no
trace of nerves to the prothoracic glands in Locusta, but
according to CHALAYE (1965, 1966) the glands in this insect
are lnnervated by nerves from the sub-oesophageal ganglion.

In Leucophaea (SCHARRER, 1964), Calliphora erythrocephala

(NORMANN, 1965) and Tenebrio molitor (ROMER, 1971) the

nerves inmervating the prothoracic glands contain both

neurosecretory and non-neurosecretory axons.

There exist numerous examples of the control of meta-
bolic processes, other than moulting, by the secretions of
the insect neuroendocrine system (see recent reviews by JOLY
and CAZAL, 1969; WIGGLESWORTH, 1970). As early as 1936,
WIGGLESWORTH had clearly demonstrated that the corpora

allata were essential for the normal maturation of eggs in



adult Rhodnius prolixus. Shortly afterwards PFEIFFER (1939)

showed that ablation of the corpora allata in adult Melano-
plus prevented egg development beyond the stage at which yolk
deposition normally occurred. Since these early discoveries
the relationship between corpus allatum activity and egg
development has been confirmed in a number of insects (reviews
by JOHANSSON, 1958; ENGELMANN, 1968).

THOMSEN (1952) was the first to show that the median
neurosecretory cells of the pars intercerebralis are
essential for ovarian development and normal reproduction in

Calliphora. Many authors have since demonstrated the import-

ance of the neurosecretory cells for the complete development
of the oocytes (HIGHNAM, 1962; MORDUE, 1965; LEA, 1967;
WILKENS, 1968).

The protein metabolism of the whole insect is also under

neurosecretory control. In Calliphora (THOMSEN and MOLLER,

1959, 1963), Tenebrio (MORDUE, 1967) and Melanoplus (DOGRA

and GILLOTT, 1971) the neurosecretory hormone regulates mid-

gut protease synthesis. In Schistocerca the neurosecretory

cells of the pars intercerebralis and corpora cardiaca exert
a controlling influence over the pfotein content of the
haemolymph and the protein synthetic activity of the fat
body (HILL, 1962, 1965; OSBORNE et al., 1968). A number of
workers have also implicated the corpora allata in the
control of protein synthesis (BODENSTEIN, 1953; L'HELIAS,
1957; ROLLER, 1962; MINKS, 1967).

Neurosecretory factors influence many other body pro-
cesses including: excretion and water balance (MADDRELL,

1963, 1964; BERRIDGE, 1966; CAZAL and GIRARDIE, 1968;



MORDUE, 1969, 1970), cuticular hardening and darkening
(FRAENKEL and HSIAO, 1965), gut contractions (review by
DAVEY, 1964; CAZAL, 1969), rate of heart beat (CAMERON,
1953; DAVEY, 1961; MORDUE and GOLDSWORTHY, 1969), blood
sugar level (STEELE, 1961, 1963; MORDUE and GOLDSWORTHY,
1969) and pigmentation (RAABE, 1963c; GIRARDIE, 1967).

A natural outcome of the study of insect neuroendocrine
function has been the discovery of a variety of stimuli for
initiating neurosecretory activity. One of the most import-
ant of these is feeding. A single blood meal stimulates the
release of neurosecretion in Rhodnius, the stimulus reaching
the cerebral neuroendocrine system via the central nervous

system (WIGGLESWORTH, 1934; VAN DER KLOOT, 1960, 1961).

When starved Schistocerca (HIGHNAM et al., 1966), locusta
(HIGHNAM and WEST, 1971) or Melanoplus (DOGRA and GILLOTT,

1971) are allowed to feed there follows a fairly rapid
depletion of the accumulated stainable material from the
neurosecretory system. This suggests the involvement of a
direct control mechanism, perhaps via chémoreceptors situ-
ated on the posterior surface of the labrum (DAVEY, 1961,
1962a, Q) or via foregut stretch receptors (CLARKE and
LANGLEY, 1963c).

A variety of environmental factors affect neurosecretory
activity in insects. The studies of LEES (1964) and
WILLIAMS and ADKISSON (1964) strongly suggest that light has

a direct effect on the medial neurosecretory cells, Further
evidence for this stems from the work of CYMBOROWSKI and
DUTKOWSKI (1969, 1970). COOK and MILLIGAN (1972) have shown
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that light can affect both the 'resting' and spike potentials

of the median neurosecretory cells in Periplaneta, and they

suggest that this might‘cause changes in synthesis and/or
secretory activity of these cells. The photo-neuroendocrine
pathways influencing the activity of the cerebral neuro-
secretory centres in cockroaches have been traced by
BROUSSE-GAURY (1968a, b, 1969a). Here, fibres of ocellar
nerves synapse with neurosecretory perikarya of the cerebral
ganglion whose axons comprise the NCC I, II and IV. The
neurone cell bodies of the latter nerve also receive sensory
iﬁput from the antenna (BROUSSE-GAURY, 1968c), while those
of the NCC III synapse with the labral nerve (BROUSSE-GAURY,
1969b). CLARKE (1966) has shown that temperature can affect
the amount of material present in the corpora cardiaca.
Thus, in 6 day-old adult Locusta the amount of neurosecretory
'A' material in the anterior lobes at 15°C is less than at
30°C or 45°C. Widely fluctuating temperature regimes (e.g.
30° + 15°C) have a more dramatic effect upon the corpora
cardiaca, leaving them completely depleted of neurosecretory
material.

Other naturally occurring phenomena that bring about
the rapid release of material from the neurosecretory system
include copulation (HIGHNAM, 1961, 1962; HIGHNAM and LUSIS,
1962), oviposition (HIGHNAM, 1962), and flying (HIGHNAM and
HASKELL, 1964). Neurosecretory release can also be induced
by artificial means, as for example by electrical stimulation
(HODGSON and GELDIAY, 1959; HIGHNAM, 1961, 1962; SCHARRER
and KATER, 1969; NORMANN, 1969), enforced activity (HODGSON
and GELDIAY, 1959; HIGHNAM, 1961, 1962) or drastic wounding
(HIGHNAM, 1962),
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It is not known for certain what causes the discharge
of neurosecretory material from its intraneuronal storage
sites but there are reasons to suppose that this process is
correlated with action potentials conducted by neurosecretory
neurones (COOKE, 1967; GOSBEE et al., 1968; COOK and
MILLIGAN, 1972). The work of BERLIND and COOKE (1968)
indicates that the release of neurosecretory material in
invertebrates, like that in vertebrates, is a calcium-dependent
process. NORMANN (1965) has suggested that neurosecretory
granules can only be discharged when a nerve impulse depoiar-
izes the axon membrane and makes it possible for the granule
membrane to fuse with the cell membrane. Granule liberation
may.be achieved either by exocytosis or by intracellular

fragmentation (review by SCHARRER and WEITZMAN, 1970).

The historical aspects of the endocrine control of moult-
ing are well known to insect physiologists. KOPEC (1922) was
the first to demonstrate that the brain was the source of a
hormone necessary for growth and metamorphosis. Subsequent
work in other Lepidoptera by HACHLOW (1931) indicated that a
region in the thorax was controlling growth and metamorphosis.
Nine years later FUKUDA (1940) proved that the 'prothoracic

glands' in larvae and pupae of Bombyx mori were the immediate

source of the moulting hormone.

In a series of papers WIGGLESWORTH (1934, 1939, 1940)
showed that the neurosecretory cells of the pars intercere-
bralis produce a hormone which initiates moulting in Rhodnius,

and that the corpora allata normally furnish a "metamorphosis
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inhibiting hormone', the secretion of which fails in the last
nymphal instar thus permitting the development of the adult
characters at the final moult.

WILLIAMS (1947) proved that the prothoracic glands in

Hyolophora cecropia were stimulated by factors from the

neurosecretory cells of the brain to secrete their own hormone
which brings about the termination of pupal diapause.

Some thirty years after KOPEC's initial discovery
WIGGLESWORTH (1952) brought together the available evidence
and showed that the '"moulting hormone" he had described in
1934 was in fact a composite factor, consisting of an
activation hormone from the braip and a moulting hormone
from the prothoracic glands.

Since these early studies there have appeared many
reviews on the regulation.of growth and moulting in insects
by the interaction of factors from the brain, corpora allata
and prothoracic glands (WIGGLESWORTH, 1957, 1964; 1970;

LEES, 1955; VAN DER KLOOT, 1960; DE WILDE, 1962; KARLSON,
1963; SCHNEIDERMAN and GILBERT, 1964; HIGHNAM, 1967; JOLY,
1968).

The manner in which the brain hormone influences the
prothoracic glandé has been little studied. In Rhodnius
(WIGGLESWORTH, 1934) the prothoracic glands must be exposed
to the brain hormone for a certain "critical period" in order
that the moulting cycle might proceed to completion. This is

also the case in Calpodes ethlius (LOCKE, 1970) and in the

adult apterygote, Thermobia domestica (WATSON, 1964). Extir-

pation of the pars intercerebralis (GIRARDIE, 1964) or the
prothoracic glands (JOLY et al., 1956; STRICH-HALBWACHS,
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1959) in Locusta nymphs before the critical period leads to a
permanent arrest of moulting.

In Rhodnius the brain hormone causes the cells of the
prothoracic glands to undergo a conspicuous cycle of secretory
activity, with the nuclei increasing greatly in size during
the critical period. OBERLANDER et al. (1965) have shown"
autoradiographically that within 12 hr of exposure to brain
hormone the prothoracic gland cells in the pupa of Antheraea

polyphemus are engaged in active nuclear RNA synthesis. This

is followed by the appearance of cytoplasmic RNA and by
protein synthesis, events which are taken to represent the
synthesis of enzymes necessary for the production of eddysone

(SCHNEIDERMAN and GILBERT, 1964). In Periplaneta the cells

of the prothoracic glands are stimulated to synthesize nuclear
RNA within 8 hr of brain hormone application (GERSCH and
STURZEB%CHER, 1970). One of the responses that the prothoracic
glands in Locusta make upon the release of the brain hormone

is an increase in cell number (CLARKE and LANGLEY, 1963a);
another is an increase in nuclear size by some but not all of
the gland cells (CARLISLE and ELLIS, 1968).

The moulting hormone exerts its effect upon the epider-
mal cells by setting in motion an orderly sequence of events
which occur synchronously in all parts of the body. This
sequence includes apolysis (separation of the cuticle from
the underlying epidermis), cell enlargement and associated
protein synthesis, secretion of the new cuticle, and resorp-
tion of the old cuticle. In the integument of Locusta (JOLY,
1955) a wave of mitoses in the epidermal cells is an integral
part of the moulting process; but in Rhodnius (WIGGLESWORTH,

1940, 1963) moulting may occur with almost no mitoses at all. .



- 14 -

KARLSON (1956) isolated a pure, chemically defined hor-
mone from pupae of Bombyx and named it ecdysone; but although
this hormone initiates the changes in the epidermis normally
associated with moulting, its presence in the prothoracic
glands has still to be demonstrated. ELLIS et al. (1972) have

recently shown that the prothoracic glands in Schistocerca

contain two substances which cause apolysis and early stages
of moulting to take place, but do not contain a third substance,
20-hydroxyecdysone, which is necessary for the formation of the
new cuticle (MORGAN and WOODBRIDGE, 1971). It has been
Asuggested that the prothoracic glands produce another hormone
or hormones, which trigger(s) the formation of 20-hydroxy-
ecdysone in another part of the body,‘possibly the oenocytes
of the abdomen (WEIR, 1970; LOCKE, 1969; ROMER, 1971).

As well as being activated by the brain hormone and
. possibly directly influenced by nervous elements, the pro-
thoracic glands can also be activated by ecdysone itself, a
mechanism which perhaps ensures the synchronous secretion of
each of the paired glands (WILLIAMS, 1952; WIGGLESWORTH,
1964)., Furthermore, the prothoracic glands in certain
Lepidoptera can be activated by the corpora allata (GILBERT
and SCHNEIDERMAN,.1959; ICHIKAWA and NISHIITSUTSUJI-OWA,
1959; WILLIAMS, 1959; SCHNEIDERMAN and GILBERT, 1964).
There is, however, a strong possibility that this effect is

a pharmacological one (HERMAN, 1968).

It is clear, then, that the release of the brain hormone
is the initial step in a sequence of events that lead up to a

moult. But despite the importance of this step, there exist
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only a few examples of the stimuli responsible for initiating
the release of the brain hormone, and most of these are rather
specialized.

On severing the ventral nerve cord in the prothorax of a
newly fed nymph of Rhodnius, WIGGLESWORTH (1934) found. that
the animal would not moult although its endocrine system'was
still fully intact. He concluded that the stimulus for
initiating the moulting cycle was the stretching of the abdo-
men rather than the animal's state of nutrition, since Rhod-
nius could live for long periods if fed on small blood meals.
VAN DER KLOOT (1961) has since demonstrated the existence of
stretch receptors in the abdomen of this insect which, when
stimulated, cause impulses to appear in the nervi corporis’
cardiaci, an effect also produced following stimulation of |
the ventral nerve cord.

KEMPER (1931) also concluded that distension of the

abdomen was important in the initiation of moulting in the

bed-bug, Cimex lectularis.

Since in their natural habitat these two insects only
occasionally obtain a full blood meal, this method of initi-
ating the moulting cycle must be regarded as a special
adaptation. .

Other known mechanisms for initiating moulting are also

rather exceptional. For example, the squash fly, Zeugoducus

depressus, which as a larva lives in the cavity fresh fruit,
does not undergo pupation until the concentration of carbon

dioxide in its environment has fallen from about 6% to 1%,

usually after six months storage (TAKAOKA, 1960).
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In insects that feed more or less continuously throughout
their lives the moult-inducing mechanism has received scant
attention. One notable exception is the work of CLARKE and
LANGLEY (1963a, b, ¢, d). During an investigation into the
factors which initiate growth and moulting in Locusta, these
authors discovered a number of operations which, when per-
formed before a certain critical period, not only prevented
moulting, but also arrested growth (LANGLEY, 1962). Since
the work to be described in this thesis is, in part, a
direct continuation of this investigation, a resumé of the
more important results and conclusions is now giveﬁ.

Methylene blue preparations of the anterior region of
the head revealed that, in addition to the three main nerves
which leave the frontal ganglion (the two frontal connectives
and the recurrent nerve), there were a number of finer nerves
associated with the sensory neurones which lie close to the
surface of the pharynx (LANGLEY, 1962; CLARKE and LANGLEY,
1962, 1963b, c) (Diagram I). These sensory neurones resembled
those described by other workers in the Orthoptera (ZAWARZIN,
1916), Coleoptera (ORLOV, 1924), and Hymenoptera and Lepid-
optera (FINLAYSON and LOWENSTEIN, 1958). It thus seemed that
the frontal ganglion was well equipped to receive sensory
impulses arising from distension and relaxation of the fore-
gut (LANGLEY, 1962).

Following the removal of the frontal ganglion, the
cutting of both frontal connectives, or the separation of the
frontal ganglion from the surface of the foregut (which
involved severance of the anterior and posterior pharyngeal

nerves), there was an immediate and irreversible cessation of
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growth, as indicated by body weight. On the other hand, the
cutting of the recurrent nerve or only one frontal connective
had little or no effect on growth and moulting in the animal
(CLARKE and LANGLEY, 1963b, c).

Evidence for the endocrine control of protein metabolism
in insects has been indicated above, and it was thought by
CLARKE ‘and LANGLEY (1963d) that these '"growth arresting oper-
ations'" might be mediating their effect via the neurosecret-
ory system of the animal on protein metabolism. To test this’
view they compared the neuroendocrine system of a normal
animal with that of an animal subjected to a growth arresting
operation (frontal ganglionectomy). The neuroendocrine system
in normal animals, examined from the beginning of the third
instar until the middle of the fifth instar, revealed no
histological signs of a cycle of secretion which could be
correlated with the progress of the growth and moulting
cycle. The secretory cells of the pars intercerebralis pre-
sented a constant picture as too did the corpora cardiaca.
Only on rare occaslons, and in minute quantities, could
‘neurosecretory material be detected in the NCC I. The neuro-
endocrine system in frontal ganglionectomised third instar
nymphs resembled that in the normal insect for some time
after the operation. However, by about 200 hr after the
operation the axons of the NCC I had become loaded with
neurosecretory material where they emerge from the brain.

The corpora cardiaca at this time were abnormal, appearing
shrunken and with little sign of cytological detail.

As a result of their studies CLARKE and LANGLEY (1963d)

have proposed the following hypothesis of the control of
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growth and moulting in locusts:

Throughout a single instar the insect feeds, digests,
absorbs and assimilates its food and increases its body
tissue content. At this time the foregut is continually
being exercised with the passage of food. These distortions
of the foregut stimulate the stretch receptors situated on
its surface to send nervous impulses to the brain'via the
posterior pharyngeal nerves, frontal ganglion and frontal
connectives, and to the corpora cardiaca via the recurrent
nerve and hypocerebral ganglion. On arrival at the brain the
nervous impulses stimulate the medial neurosecretory cells of
the pars intercerebralis to synthesize, transport, and release
their secretions into the blood. During the instar feeding
period these secretions exert a controlling influence over
food metabolism. Towards the end of the instar the insect
ceases to feed prior to moulting (CLARKE, 1956). However,
movements of the foregut do not cease, and may even be
accentuated, firstly in the process of emptying the gut of
food, and secondly in the swailowing of air, which is a
necessary preliminary to the shedding of the old cuticle.
Therefore, information continues to pass to the brain and
more hormone is synthesised and released. Since this hormone
is no longer required for the metabolism of food material,
its titre in the blood is raised to a critical point at
which the prothoracic glands are. triggered into activity.
After ecdysis, feeding is resumed and the hormone titre falls
as the brain hormone becomes involved once more in the control

of food metabolism. CLARKE and LANGLEY consider that this
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hypothesis can be applied to all continuously feeding insects
whose development is not arrested by other phenomena during
the course of their life cycles.

The hypothesis is strengthened by the work of CLARKE and
GILLOTT (1967a) who demonstrated a marked reduction in pro=-
tein synthesis, as measured by the incorporation of 14C-
glycine into protein, after the removal of the frontal
ganglion from third instar Locusta nymphs. In addition, it
was shown that the injection of corpora cardiaca extract
into frontal ganglionectomised locusts led to a resumption
and continuation of growth, indicating that the effects of
this operation are mediated through this endocrine organ.

At the cellular level CLARKE and GILLOTT (1967b) found that
frontal ganglionectomy adversely affected the ability of
many tissues to synthesis RNA in the nucleus. They suggest
that the two best known effects of the bréin hormone, protein
synthesis and activation of the prothoracic gland, can be
explained by attributing a common function to the brain
hormone, namely that of promoting the synthesis of messenger
RNA within the cell.

CLARKE and ANSTEE (1971b) report an accumulation of
neurosecretory material in the NCC I of frontal ganglionect-
omised fifth instar Locusta nymphs within 72 hr of the oper-
ation, over 100 hr earlier than in the operatéd third instar
nymphs of CLARKE and LANGLEY. At the ultrastructural level,
the manufacture of neurosecretory granules by the Golgi
bodies appeared to be unaffected by the operation, a result
strengthening the view of CLARKE and GILLOTT (1967a) that

frontal ganglionectomy acts at the level of neurosecretory
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release rather than at the level of neurosecretory synthesis.
"The cells of the midgut and fat body were found, when
examined electron microscopically, to exhibit typical signs
of reduced protein synthesis (CLARKE and ANSTEE, 1971a).

This is attributed to lack of brain hormone, and possibly
also lack of juvenile hormone, since the corpora allata in
operated nymphs appear shrunken and histological inactive

(CLARKE and ANSTEE, 1971b).

Since the publication of CLARKE and LANGLEY's original
series of papers in 1963, a number of investigators have
found that frontal ganglionectomy does not always block
growth in every operated animal. Thus, while the majority of

the frontal ganglionectomised Locusta and Schistocerca nymphs

of ROOME (1968) maintained a constant weight after the oper-
ation, a few showed fairly significant weight increases and
displayed well developed fat bodies at autopsy. According

to ROUSSEL (1966) removal of the frontal ganglion from young

and mature adults of Necrophorus vespillo has no adverse

effect upon growth, the operated animals continuing normal .
alimentation and increasing their body weight. Protein
digestion and syntheis does not stop when the frontal gang-

lion is removed from adult female Melanoplus (DOGRA and EWEN,

1971), the operated animals laying eggs at a rate equal to
about 60% of that for normal mated females. Neither is pro-

tein syntheis blocked in frontal ganglionectomised Periplaneta

nymphs (PENZLIN, 1971), since these animals continue to

regenerate legs in the normal manner after the operation.
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Two operations are central to the hypothesis of CLARKE
and LANGLEY:  the severance of both frontal connectives, and
the separation of the frontal ganglion from the surface of
the foregut (involving severance of the pharyngeal nerves).
Both operations were attended by an early high mortality and
the growth curves presented by CLARKE and LANGLEY (1963c)
are representative, in each case, of a few animals only. In
view of the importance of these two operations, and taking
into consideration the above mentioned discrepancies associ-
ated with the operation of frontal ganglionectomy, it was
considered necessary to repeat all three operations and to
check their effect on the growth and moulting cycle in

Locusta migratoria migratorioides. In addition the anatomy

and fine structure of certain components of the stomato-
gastric nervous system is investigated, and the results

obtained are presented in this thesis.
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CHAPTER II

MATERIAL  AND METHODS

A, Maintenance of the stock animals

The work to be described in this thesis has been carried

out on Locusta migratoria migratorioides R, and F., phase

gregaria, stocks of which were originally supplied by the

Anti-Locust Research Centre.

The locusts were reared in a centrally heated inéectary
at a temperature of 28 + 0.5°C and a relative humidity of
70 + 5%. Air was circulated through the room by two large
electric fans attached to the ceiling; in addition slight
continuous air exchange was permitted by two small ventil-
ators. GCeneral illumination was provided by five 80 watt
fluorescent strip lights.

Populations of Locusta were housed in glass-fronted metal
cages of the type recommended by the Anti-Locust Research
Centre (HUNTER-JONES, 1961). The area containing the locusts
measured 43 cm high x 38 cm wide x 38 cm deep. This was

separated from the true base of the cage by a false floor
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constructed of perforated plated steel which allowed all
faeces, except those of adults, to pass through to the space
underneath. The space between the false floor and the true
base measured 10 cm. Several circular holes, 4 cm in dia-
meter, were cut into the false floor and into them were
inserted aluminium tubes filled with a moist silver sand/peat
mixture (75%/25% by volume) for the deposition of egg pods by
the sexually mature females. The tubes were replaced daily
thus making it possible to define to within 24 hr the age of
the eggs (LANGLEY, 1962).V

The sides and back of the cage were lined with muslin
to increase the area over which the locusts could move; Each
cage was illuminated by a single 25 watt light bulb which,
together with the general illumination of the insectary, was
controlled by a time-switch to give a 12 hr light/12 hr dark
period each day. Air circulated freely in and out of the
cage via a small perforated area in the roof and the open
space between the false perforated floor and the true base.
Access to the locusts was by a trapdoor in thé roof of the
cage. High density cultures were maintained to ensure no
reversion to the solitary phase (HUNTER-JONES, 1961).

Freshly picked grass of a good quality was administered
every day to the nymphal and sexually mature populations of

Locusta., Mortality among newly emerged and maturing adults
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was greatly reduced by supplying them with grass picked the
previous day and therefore containing less moisture than the
freshly picked form. Flake bran was used to augment the
grass diet, offering as it does protein without associated

water. In Schistocerca adults (HILL et al., 1968) the

omission of bran from the diet slows down the rate of somatic
growth and delays the onset of oocyte development.
Under the rearing conditions described a pre-adult life

span of about four weeks was obtained.

B. Maintenance of the experimental animals

(i) Fourth and fifth instars

Fourth and fifth instar nymphs were kept singly in 8 oz
screw-cap glass jars (350 ml capacity) with perforated metal
lids. The jars contained a floor and perch of filter paper
which served to soak up excess moisture from the grass and
faecal pellets as Qell as any haemolymph escaping from the
operation wound. The filter papers were replaced at regular
intervals during the course of aﬁ experiment.

When moulting was imminent (indicated by a drop in weight
and softening of the cuticle) fifth instar exberimental

animals.were transferred to plastic containers measuring
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13.5 cm high x 10 cm wide x 10 cm deep. The lids were of
gauze with a plastic rim, Each box contained a floor and
perch of filter paper, the locusts moulting from eithef the
perch or the gauze of the 1lid.

Fresh grass was supplied daily in amounts only just
exceeding that which could be consumed in a day. Bran was
not provided. The experimental nymphs were exposed to the
general illumination of the insectary only and, as in the
stock cages, the relative humidity of their environment was
somewhat variable.

No signs of phase change were apparent in locusts kept

individually (CLARKE and GILLOTT, 1967 a).

(ii) Adults

Adults were kept separately in glass jars at room
temperature for two days after the operation. They were
returned to the inseétary on the third day and transferred to
an empty stock cage where they spent the rest of the experi-
mental period under crowded conditions. Fresh grass and bran

were offered daily.
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C. Sampling technique

In order to obtain a uniform population some sort of
sampling technique is essential (LANGLEY, 1962). The tech-
nique employed was similar to that previously described by
GILLOTT (1965), ANSTEE (1968) and ROOME (1968). Let us sup-
pose that fifth instar locusts were required, then once the
fourth ecdysis was under way all the fifth instars present in
the stock cage were removed each day at 9 a.m. and 5 p.m.

This continued until sufficient animals for the particular
experiment were obtained at any one sample. During the pre-
sent study only those nymphs moulting between 5 p.m. and 9 a.m.
were used. The age range of the sampled population was there-
fore 8 hr + 8 hr.

Since the ecdysial time range of the fifth ecdysis is the
longest (LANGLEY, 1962) it was found necessary to extend the
sampling period for adﬁlts to 24 hr so that sufficient num-
bers of locusts couia‘be obtained at a single sample. Newly
emerged adults.were sampled each day at 9 a.m. thus giving the
sampled population an age range of 12 hr + 12 hr,

Newly moulted deformed nymphs or fledglings were dis-
carded as were excessively light or heavy locusté; acceptable

weight ranges were as follows:
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Fourth instar Male 190-250 mg

Female 210-280 mg

Fifth instar Male 400-550 mg

Female  500-650 mg

Adult Male 900-1250 mg

Female 1100-1500 mg

Animals sampled for an experiment were randomly divided

into two, and very occasionally three, groups:

(a) Operated animals were subjected to various
Operations, involving nerve severance, performed on the
anterior stomatogastric nervous system or occasionally on
the central nervous system. The operations were always

carried out during the first 30 hr of the instar.

(b) Control animals were treated in an identical manner
to the operated group except that the nerves were merely

touched and not cut.

(c) Normal or unoperated control animals were only

occasionally used. They were sampled; weighed and then

immediately returned to insectary conditions.
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D. Anaesthesia

Locusts were anaesthetized in an 8 oz screw top jar
containing a cotton wool plug soaked in anaesthetic ether
(MacFarlan Smith Ltd.). A narrow layer of cotton wool and a
few filter papers were placed on top of the ether plug to
prevent the locust coming into direct contact with the liquid
anaesthetic. Each animal was anaesthetised for three minutes

after which time it had become completely immobile.

E. Sterilization

A fairly rigid sterilization procedure was adopted which,
when adhered to, led to a high survival rate among the oper=-
ated animals. Glass jars were sterilized for 30 min in an
autoclave at 250°F (15 pounds per square inch pressure) and
instruments exposed to ultra-violet light in a dust-proof
cabinet.for 30 min immediately before use (CLARKE and LANGLEY,
1963 b). The ringer solution (HOYLE, 1955) used during the
operations was freshly made up each time, Sterilized bj mem-=
brane filtration and administered from sterilized 1 ml
disposable syringes (Gillette Scimitar). The metal lids of
the glass jars were also steriliéed in ultra-violet light for

a minimum period of 30 min.
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F. Surgical procedure

(i) Frontal approach

For operations in the vicinity of the frontal ganglion
the LANGLEY (1962) and CLARKE and LANGLEY (1963 b) method of
entry into the head capsule was adopted. Thus the anaesthet-
ized insect was placed in a perspex jig with the fronms, |
previously wiped clean, pointing upwards. The jig was trans-
ferred to the stage of a binocular microscope and held in
place by plasticine (Diagram IIg. Illumination was provided
by two high intensity lamps to which were fitted polaroid
heat filters., Cuts 1-3 (Diagram ITb) were made in the frons
and the U-shaped flap of cuticle and hypodermis so formed
turned down ventrally to reveal three large frontal air sacs.
These were carefully removed to expose the frontal ganglion
and its associated nerves lying on top of the pharynx (Diagram
110 . Sﬁerile ringef solution was immediately dispensed into
the wound; its effect was to cause the frdntal ganglion to
lift slightly from the surface of the gut, thus facilitating
detection of the fine pharyngeal nerves which connect the.

ganglion to the gut surface.
The frontal connectives, recurrent nerve and pharyngeal
nerves were severed in two places and the middle portion

removed to minimize the chances of the two cut ends rejoining.



DIAGRAM

perspex jig

;l/as(ic'me b

microscope
stage

objective lens

plasticine

i

<l

N R




- 30 -

Removal of the frontal ganglion was accomplished by carefully

severing all its attendant nerves and then simply picking it

up from the surrounding fluid. Upon completion of the opera-

tion the flap was replaced into position and the wound left

to heal without the addition of any sealing materials.

(ii) Front-lateral approach

A fronto-lateral method of approach into the head
“capsule was adopted during the performance of operations
involving severance of the labral nerve or that part of
the frontal connective which runs alongside it. The insect
was fixed into the perspex jig, transferred to the microscope
stage and the fronto-lateral region of the froné brought into
the field of focus by propping up one end of the jig with a
piece of plasticfnel(Diagram IId). Cuts 1-5 (Diagram IIe) were
then made, the light brown oval patch of cuticle, which marks
the point of origin of various head muscles, being carefully
avoided. The flap of cuticle and hypodermis was turned down
ventrally and sterile ringer solution immediately added to
the preparation. The labral nerve and frontal connective
could then be seen running close and parallel to one another
(Diagram IIf). They can be diétinguished on three counts:
(1) the frontal connective lies inside the labral nerve;

(2) it is thinner than the labral nerve; (3) a large trachea
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frequently runs along the length of the frontal connective
but never along the labral nerve. The appropriate nerve(s) -
was severed in two places, the middle portion removed and the
flap of cuticle replaced.

The same cuts were made in controls as in operated
animals. Sterile ringer solution was added to the preparation
after the flap of cuticle had been turned back. The air sacs
were removed (in the frontal approach), the appropriate
nerve(s) or ganglion touched with fine forceps and the flap

then replaced.

G. Post-operative treatment

Each operated animal was placed in a screw-cap glass jar
(described previously) which in turn was transferred to a
dust-proof cabinet at room temperature (about 21°C). This
kept the animals relatively inactive until the wound had had
time to heal (CLARKE and LANGLEY, 1963 b). The locusts
remained unfed on the day of the operatidn (Day 1) but
received grass the following day (Day 2). On Day 3, 48 hr
after the operatioﬁ, the animals were returned to the inséct-
ary and providing the procedures outlined above had been

strictly adhered to it was possible to achieve 100% recovery

from the operation.
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H. Post-mortem examinations

Every insect that died or wés sacrificed during the
course of an experiment was subjected to a post-mortem exam-
ination. This was made to ensure that the appropriate nerves
had been cut successfully (or ganglion removed) and that the
cut ends had not rejoined. 1In cases of reconnection, or
where some doubt existed, then the insect was excluded from
the experimental data. Notes were made on the state of the
animal at the time of death, e.g. formation of a second

cuticle, gut contents, etc,

I. Measurement of growth

Changes in wet weight offer little indication of growth
rate since they take into account neither variation in the
amount of food in the gut nor variation in body water content
from one individual to another. However, when information on
day to day changes in the growth rate of an individual is
required one has no choice but to use wet weight measurements
and accept that they provide a rough guide only. Studies on
the growth of insects have eﬁphasised that during an instar
their linear dimensions and hence their volume remain constant,
while their wet weight approximately doubles (CLARKE, 1956).

Throughout this study, therefore, a twofold increase in wet
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weight has been taken to represent true growth, allowing as
it does for individual variation in gut content and body
water content. Two other types of growth, 'reduced growth'
and 'little or no growth at all', are recogﬁised from wet
weigﬁt measurements; these are-defined in Section II of
Chapter III.

" The locusts were weighed on a torsion balance at 24 hr
intervals and immediately before feeding so as to reduce
short-term fluctuations in weight caused by individual vari-

ation in gut contents.,

J. Vital staining with methylene blue

Newly moulted fifth instar nymphs Qere starved for
several days and then injected with a reduced (leuco) solution
of methylene blue according to the method of STARK et al.
(1969) (after PANTIN, 1946).

0.15 ml of the reduced dye was injected into the head
capsule through the dorsal neck membrane. After 1 hr the
injected insect was decapitated, the head pinned out in a wax
dish and a small window cut in the froms cuticle. The pre-
paration was flooded with cold 8% ammonium molybdate and
left for 24 hr at 0°C. The required portion of the anterior:

stomatogastric nervous system was then dissected out, washed
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in distilled water, dehydrated, cleared and mounted. (A
schedule of the procedure employed is presented in the

Appendix.)

K. Electron microscopy

Animals were killed by decapitation and the head pinned
out in a wax dish. A window was cut in the frons and the
preparation flooded with ice-cold 2.5% glutaraldehyde in
0.1 M phosphate buffer, pH 7.4, containing 0.17 M sucrose.
The tissues were fixed for 2 hr at 0°C and then washed over-
night at 0°C in 0.1 M phosphate buffer, pH 7.4, containing
0.34 M sucrose. It was at this stage that the necessary
tissues were dissected out and transferred to fresh buffer,
The tissues were post-fixed at 0°C in 1% OsO4 in 0.1 M
phosphate buffer, pH 7.4, containing 0.34 M sucrose. Then
followed another washing in buffer, dehydration in a graded
series of ethanols, pre-staining in uranyl acetate and
finally embedding in Araldite resin. (A schedule of the pro-
cedure employed is provided in the Appendix.)

Silver or gold sections were cut with a.glass knife on a
Servall Porter-Blum MI-2 ultramicrotome, expanded with |
trichloro-ethylene vapour and mounted on coated grids (200-
mesh). Sections were post-stained with Reynold's lead
citrate (REYNOLDS, 1963) and examined under an AEI EMGB

electron microscope.
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L. Radiography

The technique of contact radiography was first applied
to ecdysis by CLARKE (1956) who used a standard clinical
Watson 'Mobilix' X-ray machine and high contrast X-ray film.
This same machine was used during the present study and gave
good, reproducible results.

A high contrast X-ray film (Ilford Industrial G) was
enclosed within a lead-backed, light-proof holder held at a
distance of 75 cm from the lens. The locust to be X-rayea
.was laid on one side and held in position against the film
holder by means of sellotape applied across its legs. Alter-
natively, the subject was X-rayed in a side-on position while
‘clinging to muslin wrapped tightly round a narrow stick
placed adjacent to the film holder. A standard exposure time
of 0.2 sec at 43 kV and 60 mA was used throughout with the
diaphragm fully open. The film was developed for 6 min in a
high contrast X-ray developer (Ilford PQX-1l) and fixed for

10 min in F 52 fixer.

M. Presentation and analysis of data

The raw data for the work presented in this thesis is
recorded in tabular form in the Appendix. Each animal in a
particular experiment is allotted a number and the numbers
quoted in the text correspond to those in the Appendix.
Abbreviations used in the text, in tables or in the Appendix
are listed and defined at the beginning of the Appendix.

In view of the wide disparity between the initial weights

of newly moulted locusts, particularly adults, body weight is
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expressed as a percentage of that at the time of the opera-
tion. For graphical purposes the operation weight equals
100% and for tabular purposes it equals 0%.

Statistical analysis, where applied, took the form of
STUDENT's 't' test, the values of the probability 'P' being
obtained from "Statistical Tables for Biological, Agricult-
ural and Medical Research" (FISHER and YATES, 1953). The 5%

level of significance_(P = 0.05) was adopted.
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CHAPTER TIII

RESULTS

SECTION I

SURGICAL INTERFERENCE WITQ THE ANTERIOR

STOMATOGASTRIC NERVOUS SYSTEM IN FLEDGLING Locusta:

ITS EFFECT UPON SOMATIC GROWTH

After the final ecdysis the locust undergoes a period of
somatic growth during which protein, lipid and carbohydrate
accumulate in the fat body and proteins collect in the haemo-
lymph. Growth of the cuticle and flight muscles is
especially noticeable at this time (HILL et al., 1968). The
somatic -growth period continues until a maximum body weight,

the 'basic weight' (NORRIS, 1954) is attained. In both

Locusta (PHIPPS, 1950; STRONG, 1966, 1968) and Schistocerca
gregaria (HILL et al., 1968) the basic weight is reached
approximately ten days after final ecdysis. 1In feméle locusts
ovarian growth only occurs when materials become available

after somatic growth has finished (HILL et al., 1968).

Surgical interference with the anterior stomatogastric
nervous system was first performed on newly moulted adults,
the large size of the head capsule facilitating the various
operations. Animals of both sexes were employed in this

study. They were weighed daily up until Day 10 post-operative
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by which time the control males had virtually attained a basic
weight. All weight changes are recorded in Table I of the
Appendix.

The experimental treatments were as follows: operated
controls; omne frontal coﬁnective cut; anterior, median and
posterior pharyngeal nerves cut; recurrent nerve cut; both
frontal comnectives cut; recurrent nerve plus both frontal
connectives cut; frontal ganglion removed. These treatments
comprised three separate experiments, and since no differ-
ences were observed between the control groups for the three
experiments the results are combined. Operative technique
and post-operative care followed the pattern set out in
Chapter II. For identification purposes each animal was
marked with cellulose dope in the region of the pronotum.
Unless otherwise stated, the graphs indicate the mean daily
weight changes of those animals surviving to Day 10, with the

operation weight equalling 100%.

One frontal connective cut (6 m, 6 f)

It can be seen from Fig. 1 that the cutting of one
frontal connective had no adverse effect upon somatic growth

when compared to the controls.

Anterior, median and posterior pharyngeal nerves cut (5 m, 7 f)

The anterior and posterior pharyngeal nerves have been
-described in Locusta by CLARKE and LANGLEY (l963b).' According
to ROOME (1968) a pair of median pharyngeal nerves leave the
frontal ganglion, between the anterior and posterior pairs,

and branch to the dorsal dilator muscles of the pharynx and
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to the muscular coat of the pharynx. The morphology of these
nerves is considered in Section IV,

Somatic growth was unaffected by severance of the
anterior, median and posterior pharyngeal nerves, the growth

curves of the operated animals being no different from those

of the controls (Fig. 1).

Recurrent nerve cut (6 m, 8 f)

The cutting of the recurrent nerve led to a reduced

growth rate among the operated animals when compared to the

controls (Fig. 2).
In the blowfly, Phormia regina (DETHIER and BODENSTEIN,

1958; DETHIER and GELPERIN, 1967) and in adult male
Schistocerca (FRASER ROWELL, 1963) the operation induces

hyperphagia, which may also be its effect in adult Gryllus

bimaculatus (ROUSSEL, 1966). Recurrent nerve severance

inhibits crop emptying in adult Melanoplus differentialis

(DOGRA and EWEN, 1971) and also in Leucophaea maderae
(SCHARRER, 1945; ENGELMANN, 1968; TAYLOR, 1969).

Both frontal connectives cut (14 m, 15 f)

The 21 operéted animals surviving to Day 10 can be
divided into two groups: those maintaining a constant weight
(14), and those showing fairly considerable weight increases
(7) which, in the majority of cases, are lower than those of
the controls (Fig. 3).

In young adult Gryllus the éutting of both frontal con-
nectives brings about a rapid early death (ROUSSEL, 1966),

while in adult female Melanoplus the operation inhibits crop

emptying (DOGRA and EWEN, 1971).
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Recurrent nerve plus both frontal connectives cut (14 m, 15 £f)

The operation was attended by an early high mortality -
with only 8 animals surviving to Day 10. 3 of these main-
tained a constant weight throughout tbe experimental period
and the remaining 5 exhibited fairly considerable weight

increases which were, however, lower than those of the

controls (Fig. 4).

Removal of the frontal ganglion (22 m, 24 f)

Mortality was also high after frontal ganglionectomy,
34 operated animals dying before Day 10. The vast majority
of these animals died at weights which were lower than those
recorded at the time of the operation. The 12 animals
surviving to Day 10 can be divided into three groups (Fig.
5): those losing weight (5 animals); those maintaining a
constant weight (6 animals); and those showing fairly con-
siderable weight increases (1 animal).

Adult Locusta (CLARKE and LANGLEY, 1963; STRONG,
19669, adult Schistocerca (HILL et al., 1966) and adult

Melanoplus (GILLOTT et al., 1970) maintain a constant weight

after frontal ganglionectomy. Immature adult Gryllus
(ROUSSEL, 1966) either maintain a constant weight or lose
weight after the operation, but survive for a limited period
only. Frontal ganglionectomy in adults of the beetle

Necrophorus vespillo, on the other hand, has no effect upon

growth (ROUSSEL, 1966). The majority of workers (HIGHNAM et
al., 1966; ROUSSEL, 1966; GILLOTT et al., 1970; DOGRA and
EWEN, 1971) conclude that the operation interferes with crop

~
.\

emptying, causing food to accumulate in the foregut.
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It is clear that the separation of the frontal ganglion
from the surface of the foregut is not a growth arresting
operation when performed in adult animals, Neither does the
severance of both frontal connectives, or the severance of
~ the recurrent nerve plus both frontal connectives block
growth in every operated animal. The results of the iatter
operation suggest that alternative nervous pathways to those
outlined by CLARKE and LANGLEY (1963c, d) are relaying
sensory information from the foregut to the brain and
corpora cardiaca. One possibility is the hypocerebral
ganglion —> NCC I route of STRONG (1966,

The effect on growth of surgical interference into the
anterior stomatogastric nervous system is considered further
in Section II, where the majority of the above operations

are performed on newly moulted fifth instar nymphs.
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SECTION II

SURGICAL INTERFERENCE WITH THE ANTERIOR
STOMATOGASTRIC NERVOUS SYSTEM IN FIFTH INSTAR Locusta:
ITS EFFECT UPON GROWTH AND MOULTING

JOUéSET DE BELLESME (1877) was the first to implicate air
in the process of ecdysis. He showed that the pronounced
enlérgement of freshly emerged dragon-flies was accomplished
by internal air pressure built up, not in the main tracheae,
but in the digestive tract. Similar observations have since
been made in many insect species, including the two acridids,

Stauronotus maroccanus (KUNKEL D'HERCULAIS, 1890) and Locusta

migratoria (DUARTE, 1939).
Although TESTENOIRE and LEVRAT were using X-rays in the

field of insect investigation as long ago as 1896, sixty
years were to elapse beforé the technique was first applied
to ecdysis. CLARKE (1956) found that the locust, with its
thick body, was an ideal subject for the differential -
absorption of X-rays, and from radiographs obtained he was
able to determine the function of the dorsal abdominal air
sacs during ecdysis and subsequent instar development. The
same radiographic technique is used in the present investig-
ation to determine the effect of various surgical interrup-
tions into the anterior stomatogastric nervous system on the
processes of gut emptying and air swallowing at ecdysis. The
radiographs of operated animals presented in the text depict
the maximum amounts of air that could be observed in the gut

during attempted ecdysis.
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The effect of these surgical interruptions on growth is
measured as daily change in body weight, and the weight
measurements of all operated animals are recorded in Tables
II to IX of the Appendix. Three types of growth are recog-

nized:

- (i) True growth - a twofold or more increase in

the operation weight. Control animals fit
into this category, and the mean maximum
percentage weight increases of operated and
control animals exhibiting true growth are

compared for each operation.

(ii) Reduced growth - 50 to 100% increase in the

operation weight.

(iii) Little or no growth = 0 to 50% increase in

the operation weight.

Newly moulted animals of both sexes were employed in
this study. The techniques of microsurgery and radiography,
together with the methods of sampling experimental insects,
have been described in Chapter II. Unless otherwise stated
- the growth curves in Figs. 6 to 13 are for those animals
moulting (or attempting to moult) on the day by which 50% of
the operated population have undergone ecdysis (or attempted
ecdysis). 1In Tables 2 to' 9 the operation weight equals 0%,

while in Figs. 6 to 13 it equals 100%.
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Experiment 1

X~ray analysis of operated control fifth instar locusts

over a period covering the final moult

Four operated control fifth instar nymphs were X-rayed
at regular intervals from the time feeding ceased prior to
ecdysis until two days after the final moult when feeding was
well under way again. A selected sequence of radiographs
taken from one particular individual is presented as Plates
1-24., 1In a recent paper VINCENT (1971) conveys a time scale,
based on casual observation, of superficial changes taking
place during the final ecdysis in Locusta. This was found to
correspond reasonably well with the scale of external changes
observed in animals of the present experiment.

(Note: The X-ray machine was housed in a room whose
ambient temperature was some 5°C below that of_the insectary.
The time sequence presented below may, therefore, represent
a slight exaggeration of what happens under normal insectary

conditions.)

Plates 1 and 2

The first bubble of air appears in the foregut 32 hr
before ecdysis. Approximately 24 hr later the amount of air
in the crop has increased but air is still absent from the
hindgut. Digestion of the old endocuticle at this time makes

the locust soft to touch.



PLATES 1-24,

PLATE

PLATE

PLATE

PLATE

X-ray photographs of an operated

control fifth instar locust during the

final ecdysis

32 hours before final escape from the

old cuticle.

9 hours before final escape from the

old cuticle.

4 hours before final escape from the

old cuticle.

3 hours before final escape from the

old cuticle.
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Plates 3, 4 and 5

Air is first observed in the hindgut 4 hr before ecdysis.
The amount increases during the next hour and 1 hr before

moulting even more air is present in the hindgut.

Plate 6

30 min before ecdysis the locust alters its position on
the perch to one where the head points downwards so that
maximum use of gravity can be made during moulting. Longitud-
inal contractions of the abdomen at this time are very obvious

as air continues to enter the hindgut.

Plates 7 and 8

The wing pads begin to separate 20 min before ecdysis
and 4 min later they are fully apart. Separation of the wing
pads is taken to represent the start of ecdysis (VINCENT,
1971). The foregut expands as more air is swallowed and air
is visible in the midgut caeca. Flexing movements of the

abdomen at this time are very intense.

Plates 9, 10, 11 and 12

The haemolymph pressure, which is already at an elevated
level on account of the high blood volume of locusts at.this
time (LEE, 1961), is raised still further by the continued
expansion of the foregut. The high Blood pressure and the
actively contracting body muscles together cause the old

cuticle to split along predetermined ecdysial lines of weak-



PLATE

PLATE

PLATE

PLATE

5.

1 hour before final escape from the

old cuticle,

30 minutes before final escape from

the old cuticle.

20 minutes before final escape from

the old cuticle.

16 minutes before final escape from

the old cuticle.



PLAIES 5-8

wing pads
fully parted




PLATE 9.

PLATE 10.

PLATE 11.

PLATE 12.

14 minutes before final escape from

the old cuticle.

12 minutes before final escape from

the old cuticle.

9 minutes before final escape from

the old cuticle.

6 minutes before final escape from

the old cuticle,



|
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ness situated in the mid-dorsal region of the thorax and along

the epicfanial suture of the head (DUARTE, 1939).

Plates 13 and 14

As the head and thorax emerge so the shed cuticle of the
mouthparts becomes visible. The wings are withdrawn from the
old wing pad cuticle and the gut reaches its maximum state of
distension at this time. The limbs finally escape and the
locust remains suspended from the old cuticle by the tip of
the abdomen, for a period of 7 min, before falling to the
ground. This rest period is most probably associated with

preliminary -hardening of the legs (VINCENT, 1971).

Plates 15, 16, 17 and 18

The newly emerged adult quickly regains’the perch using
only the front and middle pairs of legs which by this tiqe
are sufficiently hard for a firm grip to be applied. The gut
.remains distended with air thus enabling the blood to act as
a hydrostatic skeleton and this, together with continuing
muscular contractions in the region of the abdomen, facilit-
ates expansion of the mew cuticle and unfolding of the
hypodermis to its fullest extent. Blood is forced into the
wings which respond by gradually unfolding until they are
completely expanded some 40 min after the moult. It is clear
that some food has remained in the midgut during the moult.
The midggt is the only region of the.gut where food could

be retained since the linings of both the foregut and hindgut

are moulted.,



PLATE 13.

PLATE 14,

PLATE 15.

PLATE 16.

4 minutes before final escape from

the old cuticle.

1 minute before final escape from

the o0ld cuticle.

10 minutes after final escape from

the old cuticle.

20 minutes after final escape from

the old cuticle.



PLAIES 18- 186
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PLATE 17. 25 minutes after final escape from

the old cuticle.

PLATE 18. 43 minutes after final escape from

the old cuticle.

PLATE 19. 1% hours after final escape from the

old cuticle.

PLATE 20. 2 hours after final escape from the

old cuticle.



PLATES 17 -20
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Plate 19

The wings are folded up to their normal resting position
once expansion is complete (1% hr after ecdysis) and as they

harden so they become more difficult to visualise in the

ensuing radiographs.

Plates 20, 21 and 22

The foregut has begun to collapse 2 hr after ecdysis and
by the time 6 hr have elapsed it has assumed more normal
dimensions. 12 hr after the moult the hindgut has expelled
all but the last bubble of air. The fully expanded air sacs
are now clearly visible. CLARKE (1956) states that the
abdominal air sacs of the locust form a system permitting
changes of volume at an ecdysis when the mass and density of
the tissues remain constant. The air sacs are gradually
obliterated by the developing tissues so that by the end of

the stadium they have become completely occluded.

Plate 23

The first meallis taken 12-24 hr after ecdysis and food
can be detected along the length of the gut at 24 hr, The
S-bend of the colon, mentioned by ALBRECHT (1953) and figured
in drawings from radiographs by GOODHUE (1963), is clearly

visible.



PLATE 21. 6 hours after final escape from the

old cuticle.

PLATE 22. 12 hours after final escape from the

old cuticle.

PLATE 23. 24 hours after final escape from the

old cuticle.

PLATE 24. 48 hours after final escape from the

old cuticle.



PLATES 21-24

adducior
muscles
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Plate 24

Even more food is present in the crop and midgut and the
S-bend in the colon is again apparent. The adductor muscles

of the mandibles are also very obvious.,

Summarz

Air is first detected in the foregut 32 hr before the
moult. 28 hr later it appears in the hindgut. This sort of
timing is to be expected since the foregut will be emptying
and swallowing well before the hindgut has removed the last
traces of food and begun to take in air through the anus.
The gut reaches its maximum state of distension several
minutes before final escape from the old cuticle is accom-
plished. Dilation is maintained for 1-2 hr after moulting,
thus allowing unfolding of the hypodermis and expansion of
the new cuticle to take place. By 12 hr after ecdysis the
gut has assumed more normal dimensions and the first meal

is taken 12-24 hr after the moult.
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Experiment 2

The effect of cutting the recurrent nerve on growth and

moulting

The experimental treatments were as follows:

(a) Recurrent nerve cut 14 animals
(b) Operated controls 8 animals
Results

Sectioning the recurrent nerve produced two quite

distinct responses:

(i) 50% of the operated animals died before Day 10 and
in every individual the foregut, midgut and most‘of the hind-
gut were packed full of undigested grass at autopsy (Table
1, Plate 25).

TABLE 1. Gut contents of response (i) operated

animals at autopsy

Food content of gut

Animal No. Crop Midgut Hindgut
Ileum Colon Rectum
1 -+ A+ e -+ +
3 A+ ++ 1 e -+ +
4 +++ -+ e +++ -
8 - -+ - ++ -
9 e +- ++ + -
11 -+ +HH - + -
14 ++++ +-+ +H++ e +

+ very little food +H-++  gut distended with food



PLATE 25.

Dorsal dissection of a recurrent nerve
cut fifth instar locust dying before
Day 10. Note the presence of vast
quantities of food in the foregut,

midgut and much of the hindgut.



HLAIE 25
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These animals did not produce any faeces and the midgut
caeca were frequently shrunken in appearance and squashed

against the body wall by the excessive amount of grass in the

midgut.

(ii) The other 50% operated animals grew at a
reduced rate compared to the controls and moulted to adﬁlts,
on average one day later (Fig. 6). Table 2 shows that the
mean maximum percentage weight gain of these animals was

significantly lower than that of the controls.

TABLE 2. Comparison of the mean maximum percentage

weight increases of response (ii) operated

animals and the controls

Treatment Individuals Mean S.E. t 'p!
RN cut
responée (ii) 7 145 4 6. 00 0. 001
Controls . 8 ~175 3
Conclusions

Recurrent nerve severance frequently induces hyperphagia
(DETHIER and BODENSTEIN, 1958; DETHIER and GELPERIN, 1967;
GELPERIN, 1967; FRASER ROWELL, 1963). The question as to
whether response (i) operated animals were hyperphagic must
remain open since they were not made the subject of‘any
quantitative food measurements. Their gut condition is

identical to that of adult Gryllus bimaculatus (ROUSSEL,

1966) after recurrent nerve severance. In both cases death
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is ultimately due to lack of metabolites entering the haemo-
lymph, the operation having an adverse effect upon the
digestive mechanisms of these insects. The remaining
(response (ii)) operated animals behave in a similar manner
to the third instar nymphs of CLARKE and LANGLEY (1963b),
growing at a reduced rate compared to the controls and show-

ing a slight delay in moulting.

Experiment 3

The effect of cutting one frontal connective (proximal

or distal to branches) on growth and moulting

ROOME (1968) makes brief menticn of fine nerves leaving
each frontal connective in fourth instar Locusta. Intra-vitam
injection of methylene blue and subsequent dissection con-
firmed the existence of these nerves in fifth instars. The
fine nerves, usually three in number, leave each frontal
connective in the region where this nerve passes between the
retractors of the mouth angle and the posterior retractors of
the labrum. Sensory cell bodies, lying on the dorsal surface
of the muscular coat of the pharynx, were seen to be associ-
ated with some of the fine nerve branches; motor nerve
endings to some of the nerve branches were also apparent.

The neuromorphology of this region of the stomatogastric
nervous system is considered in more detail in Section IV.
Suffice it to say here that sensory information from the
pharynx can be relayed to the brain and/or corpora cardiaca

via the fine nerve branches of the frontal connectives as
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well as via the anterior and posterior pharyngeal nerves
(LANGLEY, 1962; CLARKE and LANGLEY, 1963b, c).

The treatments in Experiment 3 were as follows:

(a) One frontal connective cut

(proximal to branches) | 16 animals
(b) One frontal connective cut

(distal to branches) 14 animals

(c) Operated controls 18 animals

Results

Animals of treatments (a) and (b) grew at a similar
rate to the controls, with treatment (b) animals tending to
moult on average one day later than those in the other two
groups (Fig. 7). Table 3 shows that the mean maximum
percentage weight increases of the operated and control
groups were not significantly different. None of the
operated animals leaked digestive fluid at any time during

the experiment.

TABLE 3. Comparison of the mean maximum percentage

weight increases of treatments (a), (b)

and (c) animals.

Treatment Individuals Mean S.E. t 'p!

(a) 1 FC cut

(proximal) 14 176 4 a:b 0.71 0.5-0.4
(b) 1 FC cut
(distal) 12 172 4 as:c 1,00 0.4-0.3

(c) Control 16 171 3 b:e 0.20 0.9-0.8




3001

250

3

Body weight (% original weight )

150~

o ® 1 FC (proximal)
o 1FC (distal
a operated control
N 50% ecdysis in all
groups

1001
90 -

Days

FIG 7. Growth dfter severance of one frontal connective (proximal),
one frontal connective (distal).



- 53 -

Conclusions

In accordance with CLARKE and LANGLEY (1963c), the
cutting of one frontal connective has no adverse effect upon

the growth and moulting cycle. _

Experiment 4.

The effect of cutting two frontal connectives (proximal

to branches) on growth and moulting

The experimental treatments were as follows:

(a) Both frontal connectives cut
(proximal to branches) 47 animals

(b) Operated controls 20 animals

Results

The 39 operated animals surviving beyond Day 6 can be
divided into five groups according to their growth and

moulting responses:

(i) Growth and attempted moulting

15 animals exhibited true growth and died between
Days 15 and 20 while attempting to moult to adults. The
growth rate of these animals was much lower than that of the
controls and the attempted moult.was made on average five
days after the controls had successfully moulted (Fig. 8).
Table 4 shows that the mean maximum percentage weight
" increase of group (i) operated animals was significantly

lower than that of the controls,
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TABLE 4, Comparison of the mean maximum percentage

weight increases of group (i) operated

animals and the controls

Treatment Individuals Mean S.E. t 'p!
2 FC's cut

(proxima}g 15 117 4

group (i 13.87  0.001

Controls 16 179

The operated locust adopted a normal posture for moult-
ing, with the head pointing downwards, but after several
hours of endeavouring to escape from the old cuticle the
eihausted animal fell to the floor and eventually died. The
wing pads of some operated animals at the time of death were
widely parted and the abdomen drawn up by approximately 5 mm
from the tip of the old cuticle (Plate 26), while in others
abdominal retraction only was manifest (Plate 27).

8 operated locusts were X-rayed during their attempted
moults and a representative sequence of radiographs from
one particular individual (No. 37) is presented as Plates
30-32. It is obvious that reduced amounts of air are
present in the gut compared to the controls (Experiment 1).
More air can be detected in the gut of animal No. 21 (Plate
33), but there was evidently still not enough for a success-
ful moult, Air continued to enter the hindgut after the
operation. Post-mortem examination of group (i) animals
showed that food was usually absent from the crop, colon and

rectum, but was present in the midgut and ileum.



PLATE 26,

PLATE 27.

PLATE 28.

PLATE 29.

(N.B.

Fifth instar nymph subjected to sever-
ance of both frontal connectives
(proximal). Note the retracted

abdomen and widely parted wing pads.

Fifth instar nymph subjected to
severance of both frontal connectives
(proximal). Note the retracted

abdomen,

Operated control fifth instar nymph
1 hour before final escape from the

old cuticle.

Fifth instar nymph deprived of the
frontal ganglion. Note the shrunken

abdomen.

Operated animals in Experiments 5 and
6 at the time of attempted moulting
were similar in external appearance to

those animals in Plates 26 and 27.)



PLATES 2629

oy

i




PLATES 30-32, X-ray photographs, taken over a period

covering the attempted moult, of a fifth

instar locust subjected to severance of

both frontal connectives (proximal).

PLATE 30. 4% hours before the attempted moult.

PLATE 31. At the time of attempted moulting.

PLATE 32. 5 hours after the attempted moult.

PLATE 33. X-ray photograph, taken at the time of
attempted moulting, of both frontal
connectives cut (proximal) fifth

instar nymph (No. 21),
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(ii) Growth and no attempted moulting

Animal No. 40 increased its operation weight by a
maximum of 101% and survived for 31 days (approximately three
times the normal instar length) without ever forming a new
cuticle., It can be seen from Fig. 8 that very little growth
occurred during the first sixteen days post-operative, but
that thereafter the growth curve resembled that of group (i)

animals attempting to moult on Day 17.

(iii) Reduced growth and attempted moulting

Operated animals Nos. 38 and 45 showed maximum
weight increases of 82% and 76% respectively before dying on

Day 17 while attempting to moult to adults.

(iv) Reduced growth and no attempted moulting

7 animals exhibited maximum weight increases
that were 50-100% above their operation weights. None of

them ever developed a new cuticle.

(v) Little or no growth and no attempted moulting

The remaining 14 animals maintained a fairly
constant weight until death and failed to develop a new
cuticle. The weight changes of one such individual (No.

46) are illustrated in Fig. 8.

All of the operated animals leaked digestive fluid to
the exterior via the mouth. Leaking frequently commenced as
early as Day 2, and by Day 6 over 90% of the operated animals
were losing fluid., Close inspection of these animals revealed
that liquid escaping from 