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ABSTRACT 

This thesis is concerned with the interaction between the nervous 

system and muscles during the metamorphosis of the waxmoth Galtevia 

mellonella. 

The mesothoracic dorsolongitudinal muscles of the waxmoth arise 

from dorsal muscles in the larval mesothorax. Several of these dorsal 

larval muscles begin their transformation shortly before the larva-pupa 

ecdysis when: thf?,y break down to be replaced by presumptive myoblasts. 

These appear to arise from the nuclei of the larval muscle. In the 60-72 

hours pupa all three mesothoracic dorsolongitudinal. (2dl) muscles are 

made up of the characteristic number of fibres and the first dorsolong-

tudinal muscle (dll) has its characteristic adult shape. From the 82 

hour stage onwards the muscle fibres increase in diameter until the 168 

hour stage when the muscles have achieved the adult condition. 

Cautery of the first thoracic ganglion of the larva or section of 

the nerve cord between the first two thoracic ganglia leads to an adult 

in which most of the 2d 1 muscles are absent. Only the dorsal part of 

2d 11 is present as normal. 

Up until the 2k hours pupa cautery of the first thoracic ganglion 

has the same results as cautery of the larva. Cautery of the 25~30 

hours pupa results in an adult in which the ventral fasciculae of 2d 11 

are represented by a few tiny muscle fibres. At this stage there is no 

sign of 2dl2 or 2d 13 except for a few small cells which are about the 

same size as presumptive myoblasts.Cautery of the ^0 hours pupa leads 

to an adult in which all of the 2d 11 fasciculae are present as smaller 

versions of the normal cas^.Up until the 108 hours pupa cautery of the 

first thoracic ganglion leads to an adult in which the 2d 11 muscles 



are smaller than normal. 

An ultrastructural investigation of the small cells found in the 

denervated adult in the place of the 2d 1 muscles showed these to be similar 

to presumptive myoblasts, lt therefore appears that the nervous system 

affects the ability of the presumptive myoblasts both to differentiate 

and then to grow as normal. 

Denervation of the fifth and sixth instar larvae by section of one 

of the connectives between the first two thoracic ganglia has the same 

effect on the operated side as denervation of the last larval instar. 

Cobalt staining of the nerve supplying the dorsal muscles of the larva 

shows that the motor neuron complement in both the fifth and seventh 

instar larvae is very similar. Cobalt staining of the nerve to the 2d 1 

muscles of th<* adult reveals cell bodies which are similar in position 

and size t«"> those found in the larva. 

The Interaction between nerve and muscle during development in 

insects ami vertebrates is discussed. From this work it is hypothesised 

that the nervous system affects muscle development by preventing mitosis 

in the presumptive myoblasts, lt is also hypothesised that the adult 

muscles are Served by the same motor neurons which were present in the 

later tnstfirt* of the larva. 
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GENERAL INTRODUCTION TO THESIS 

(CHAPTERS 1 AND 2) 



CHAPTER 1. 

GENERAL INTRODUCTION. 

Insects present developmental biologists with two major opportunities to 

examine morphogenesis — - first, during embryogenesis, the visible result of 

which is the production of the larva, and second during the metamorphosis, 

when an adult insect replaces the larval form. Wigglesworth (195*0 described 

metamorphosis as a M renewal of embryonic development in that the process of 

transition from a state of invisible differentiation to a state of visible 

differentiation is the same in both11. These words were echoed by I Ian and 

I Ian (1973) who stated that metamorphosis could be regarded as differentiation 

at the post-embryonic level. 

The problems of cellular organisation, tissue interaction, communication 

between cells, gene expression and the differentiation of new structures are 

present to a greater or lesser degree during the metamorphosis of both the 

holometabolous and hemimetabolous insects. The last instars of the pterygote 

insects thus represent a relatively large and readily accessible system in 

which to observe and analyse the processes of morphogenesis. 

All insects must go through a number of larval stages until they reach a 

final adult instar when they become sexually mature. The Apterygote order 

Thysanura ( Przibram and Werber, 1907, quoted by Wigglesworth, 1972) may 

undergo further moults after the larva-adult moult, but the majority of insects 

have reached their final stage of growth with the emergence of the adult. 

Although the change of form is generally slight at the earlier moults there 

are conspicuous changes in the final stages of all the Ptcrygota (Wigglesworth,1972 

The adult stage is usually winged, its sexual appendages become prominent, and 

if its mode of life is changed it may undergo other drastic transformations. 

The amount of restructuring or development necessary to produce the adult 

organism is relatively small in the Hemimetabola, but in the Holometabola a 

more or less complete restructuring and replacement of the larval tissue is 
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necessary. In this case a pupal stage, incapable of feeding and often 

comparatively inactive, is interposed between the larva and the adult so 

that metamorphosis takes place in two stages. 

Lockshin and Williams (1965^ ) described the process of metamorphosis as 

lfan orderly and predictable pattern of birth and death at the cellular level. 

At the onset of metamorphosis many of the specialised tissues and organs of 

the larva break down, their substance being reinvested in the formation of 

pupal structures. Later the process repeats itself as the pupa is transformed 

into the imago... In the absence of any nutritional Intake the pupa must be 

reconstructed from the materials already present in the mature larva, the 

adult from materials present in the pupa11. 

In the more primitive Endopterygote insects such as the Neuroptera and 

Coleoptera, relatively little histolysis occurs and a considerable proportion 

of the larval tissues and organs pass over to the adult with only slight 

modifications. In the Hymenoptera and higher Diptera, however, the larval 

epidermis, salivary glands and many muscles are replaced by new formations. 

In some cases even organs such as the fat body, Malphigian tubules and heart 

may be reconstructed ( Imms, 1964; Wigglesworth, 1972). 

The nervous system has long been known to play a fundamental role in 

controlling the post-embryonic development of insects. Kopec (1917) found 

that removal of the brain from the fully grown caterpillars of the moth 

Lymantria dispar prevented pupation. Wigglesworth (193*0 extended and 

clarified this work in Rhodnius prolixus. Hanstrom (1938, quoted by 

Wigglesworth, 1972) identified neurosecretory cells in the brain of 

Rhodnius, and Fukuda (19^1) established that similar cells in Bombyx mori 

produced a hormone responsible for activating the prothoracic glands, 

which in turn produced a hormone controlling moulting ( and growth) and 

metamorphosis. Again, Wigglesworth (1936) discovered the f,juveni 1 is ing11 
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effect produced by the corpora al lata in Rhodnius. These early discoveries 

have been confirmed many times and for many diverse species ( see discussion 

of Slama, 1975 and reviews by Wigglesworth, 1970 and Novak, 1966, 1975). 

The nervous system has a further lesser known role in the maintenance, 

growth and metamorphosis of muscles during development. The trophic effects 

of nerve on muscle ( that is, M those functions of the nerve that affect or 

regulate the metabolism of the muscle cell" (Guth, 1968) ) have been most 

studied for vertebrate systems ( see review by Guth, 1968) where the necessity 

of innervation for normal muscle development has been well established. 

However, there is also a growing literature on the effect of nerve on muscle 

for invertebrate systems ( see reviews, Nuesch, 1968 and Booneand Bittner,197*0. 

There have been many studies on the normal and experimentally induced 

degeneration and regeneration of insect muscle during growth and development 

(see review of Finlayson, 1975). A number of studies have investigated the 

nervous system as a causal factor necessary for the maintenance, growth or 

development of both larval and adult musculature. Some of these studies raised 

doubts about a critical1 direct role of the nervous system on muscle for the 

normal maintenance or degeneration of muscles during metamorphosis. 

Randall and Pipa (1969), studying the breakdown of the principal plantar 

retractor muscle of the proleg of Galleria mellonella, discovered that it 

was not until after the muscle had already begun to degenerate that the 

neuromuscular junctions disappeared. Runion and Pipa (1970), investigating the 

effect of electrical stimulation on the muscle ( designed to mimic the normal 

electromyographic activity of the muscle), found that the stimulated muscle 

degenerated as normal. Finlayson (1956), working on abdominal muscles in 

Galleria, and Randall (1970), studying the principal plantar retractor 

muscle of Galleria, discovered that denervation can cause premature 

degeneration during metamorphosis but that the same muscles denervated during 

a larval stage degenerated only slowly. As Finlayson (1975) pointed out, 



the balance of hormones Is al 1-important in initiating the sequence of events 

during which larval muscles disappear (however, it cannot by itself determine 

the selective breakdown of muscles). 

Other studies raised doubts about the involvement of the nervous system 

in the development, degeneration and regeneration of muscles. For example, 

Kopec (1923) denervated ( by extirpating the ganglion involved) and removed 

one of the prolegs of Lymantria dispar. He found that the regenerating proleg 

contained normal muscles. Similarly, Bodenstein (1957) found that regenerated 

legs of ganglionectomised cockroaches contained normal muscles. In both of 

these cases the possibility of reinnervation was not excluded. However, it 

seems clear that if reifinervation is involved, that innervation is not 

specific; that is, the regenerating muscles may be innervated by motor 

neurons which are not identical to those which were previously involved 

even though they may be homologous cells in another segment (Young, 1972). 

Wigglesworth (1956), investigating a normal cycle of involution and 

regeneration of some abdominal muscles in Rhodnius, found that denervation 

of the muscles had no effect on the cycle. Finlayson (1956) discovered that 

removal of the entire abdominal nerve cord from the pupa of Antheraea did 

not prevent the development of the fine sheets of muscle that are closely 

applied to the body wall. Crossley (1965) found that experimental denervation 

of muscles in Calliphora didnot affect the normal pattern of muscle trans

formation during metamorphosis. 

There is a body of studies, however, which invokes the nervous system as 

having a critical role during the maintenance, growth and development of some 

insect muscle. One section of this work (Finlayson, 1956, I960; Lockshin and 

Williams, 196^, 1965a,b,c,d; Lockshin, 1969) is concerned with the selective 

maintenance of some of the abdominal muscles in several species of Saturniid 

moths. These muscles would normally be retained through metamorphosis only 
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to degenerate within the first **8 hours of post-emergent adult life. 

In certain species any of these muscles can be induced to break down 

during metamorphosis by denervation. However, in other species some of these 

muscles are unaffected by denervation ( Finlayson, 1956, 1960). Lockshin 

and Williams (1965c) found that the normal degeneration of these muscles 

during early adult life could be prevented by the injection of either of two 

parasympathetic drugs ( pilocarpine or phygostigmine) within one day of the 

pupal-adult ecdysis. The nervous system in these species, then, has a 

critical role both in maintaining muscles through metamorphosis and, less 

clearly, in their degeneration soon afterwards. 

The other major contribution to the study of the trophic effect of nerve 

on muscle in insects was initiated by Kopec (1923) who noticed that pupae of 

Lymantria dispar, deprived of their nervous systems, lacked all musculature 

in the adults. Where the muscles should have been there was fat body. 

Williams and Schneiderman (1952) noted that nerveless pupae of Hyalophora 

oecropia developed into apparently normal moths which lacked all of the major 

flight muscles Nuesch (195^, 1957, 1968), Eigenmann (1965), Bienz-lsler (1968), 

Basler (1969), Nuesch and Bienz-lsler (1972), Nuesch and Stocker (1975) and 

Stocker and Nuesch (1975), studying the development of normal and denervated 

thoracic msucles in the diapausing species Antheraea polyphemus and 

A. pernyi found that muscle anlagen, denervated before the onset of adult 

development in the diapausing pupa, developed normally until the eighth day 

of adult development, when changes began to occur. The resulting muscle 

showed a reduction in both the size and number of fibres and of nuclei• 

If the anlagen was denervated after the onset of adult development the 

resulting muscle was more fully developed depending on the stage at which 

it had been denervated. The later the denervation, the closer the resulting 

muscle approached the normal state. 
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This body of work also established that the innervation of muscle was 

specific; that is, cutting one nerve could result in the abnormal development 

of a specific muscle in the resulting adult. In some cases a muscle was 

innervated from a ganglion lying in a different segment. This was also noted 

by Finlayson (1956) in his study of abdominal muscles. He found that some 

muscles could be caused to degenerate prematurely by extirpating a ganglion 

in the next anterior segment. 

Nuesch and Stocker (1975) and Stocker and Nuesch (1975), studied neuro

muscular contacts and the formation of junctions in normal and denervated 

dorsolongitudinal flight muscles of Antheraea polypherms. They found that 

the muscle anlagen, which is innervated by degenerating larval nerves and 

dense tufts of developing adult nerves, contains only undifferentiated contacts 

between axon terminal and muscle fibre anlagen in the diapausing pupa. They 

postulated that dense core vescicles found in the axon terminals might contain 

the " trophic material" which was necessary for normal muscle development. 

The fact that new nerves or new outgrowths of old nerves are involved in 

the development of adult muscle raises some interesting questions about the 

nature of this innervation as a property of the central nervous system itself 

as well as of- the neuromuscular junction. In the words of Edwards (19&9) 

the questions may be asked: 

--- MDoes the adult nervous system of the Holometabola add to or replace the 

larval nervous system? If the latter, how is the larval system dis

mantled? 

If the adult nervous system contains new elements where do they come from? 

If larval nerves are used in constructing the adult nervous system, are 

their synaptic fields changed?" 

Edwards commented that there had been some attempt to answer the first two 
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questions but that the third remained unanswered,* The same is largely true 

in 1977• Various aspects of the metamorphosis of the nervous system have 

been investigated: changes in the form of the nervous system ( Pipa and 

Woolever, 1964); the hormonal and mechanical mechanisms involved (Pipa,1967, 

1969); changes in the neural lamella ( Ashhurst and Richards, 1964); 

changes in the number of neurons and axons ( Panov, 1963; Heywood, 1965; 

A H , 1973); and the effect of the peripheral sense organs on the central 

neuropile ( Power, 19̂ *3) • However, the question concerning larval neurons 

and whether or not they are incorporated into the adult system, and if so 

whether their synaptic fields are changed, remains still largely unanswered. 

Taylor and Truman, (1974) labelled ( using cobalt sulphide) all the motor 

neurons of the fourth abdominal ganglion in the tobacco hornworm Manduca sexta 

during larval, pupal and adult stages, They found that many of the larval 

neurons were retained by the adult insect, although there was a substantial 

loss of these neurons after adult eclosion. Of 74 motor neurons present in 

the larva, 12 were lost at the larva-pupa transition and 40 were lost after 

emergence of the adult. Eight new motor neurons appeared during the pupal stage 

Heinertz (1976) studying Antheraea polyphemus was able to show using 

methylene staining that motor axons of the larva are preserved in the adult, 

ALthough there is a regression of the nerves to the larval muscles there is 

a subsequent growth of the same nerves onto muscles which are due to be 

transformed during metamorphosis. Casaday and Camhi (1976) looked at the 

metamorphosis of the neurons which innervate the dorsolongitudinal muscle 

of the adult Manduca sexta. They found that at least some of the neurons 

which innervate the adult flight muscle originate as larval neurons which 

survive the metamorphosis. These authors make the statement that " the same 

motor neurons may eventually innervate muscles which are quite different 

functional types11. In addition to these studies there have been a small 

number of studies concerned with the mass activity of cells during 
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metamorphosis of the lepidopteran ventral nerve cord (Panov, 1963; 

Heywood, 1965; All, 1973). Observations on the amount of cell death 

occurring during post-embryonic development ( Panov, 1963; Ali, 1973) 

has lead to the conclusion that larval neurons are in fact incorporated 

into the adult nervous systems in the species studied. 

Tha past decade has seen the introduction of vastly improved methods of 

labelling cells (and therefore their constancy from animal to animal) with 

the introduction of the fluorescent dyes, especially Procion Yellow 

(Kravitz, et al., 1968) and of cobalt sulphide (Pitman, et al., 1972) as 

stains which can be taken up and retained within individual cells. The 

vast majority of studies using these stains have been carried out on the 

Orthoptera • — crickets, cockroaches and locusts — — and have been concerned 

with the identification and functional description of various motor neurons 

or nervous pathways. 

Edwards and Palka (1973) listed a number of reasons why insects are partic

ularly suitable as subjects for neurobiologists. Reasons included the 

arrangement of the insect nervous system and the small size of the neuronal 

populations, lt could be added that the Holometabolous insects have an 

additional advantage in that their nervous systems must undergo a considerable 

reorganisation during metamorphosis, lt should therefore be possible to 

observe the processes of nervous organisation, of nerve-muscle contact, and 

of how the various nerve elements develop in a system which is rather larger 

and more amenable to observation than the developing embryo. lt is not 

necessary to use the expedient of surgery with its possible attendant side 

effects, for the Holometabolous insects acquire major new sensory and 

muscular apparatus with the development of the adult stage. Their wings, 

compound eyes, flight muscles, etc. represent built-in M regenerates11 which 

must have a major effect on the central nervous system. 
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The greater waxmoth, Gallaria mellonella, is a favourite subject of 

experimental biologists, lt is a non-diapausing species which is easy to 

keep and which develops fairly quickly. Over a period of 9 to 10 days 

( at 30 degrees C.) the animal changes from being an active feeding caterpillar 

to a moth whose nervous ( Pipa, 1963) and thoracic muscle systems ( Sahota and 

Beckel, 1967a)are quite different. 

Because the transition period is so rapid, I considered it would be interesting 

to study the interaction (if any) of nerve and muscle in this moth. As noted 

by Pipa (1963) changes in the nervous system have already begun to occur 

before the larva-pupa moult, lt would be of interest to note whether the muscles 

have also undergone changes by this time and if they are susceptible to 

nervous influence both before, and at various stages after, the formation of 

the pupa. Accordingly, the aims of this study are set out as: 

1) To investigate, using light microscopy, the developing muscles of the 

pterothorax of Galleria mellonella, noticing in particular the development 

times of the dorsolongitudinal flight muscles of the second thoracic segment. 

2) To investigate whether the nervous system exerts a trophic effect on the 

developing pterothoracic musculature. 

3) To determine over what period this trophic effect is important. 

k) To examine, using cobalt sulphide as a stain, the neurons responsible for 

innervating the dorsolongitudinal flight muscles in the adult Insect and 

their anlagen in the larva. 
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CHAPTER 2. GENERAL METHODS. 

2.1 REARING. 

A stock culture of Galleria melloneVla was maintained in an incubator at 

30 4̂  2 degrees C , relative humidity between 60 to 80 %. The food medium 

was that specified by Haydak (1936): 

Brewer's yeast, 1 part, 
Fine corn meal, 1 part, 
Skim milk powder, 2 parts, 
Whole meal flour, 2 parts, 
Wheat germ, 2 parts, 
Honey and glycerol, 2 parts. 

5 % yellow beeswax was added as recommended by Beck (1960). The beeswax was 

finely grated and mixed thoroughly with the dry ingredients. Honey and 

glycerol were added to give a mixture of a sticky consistency. The mixture 

was then placed in 8 cm. and 6cm. crystallising dishes to a depth of H - 2 cm. 

Approximately 100 eggs were added to each. One dish was then placed on 

top of another of the same size, open ends facing. The two dishes were held 

in place with masking tape. 

Stock pupae were removed from the crystallising dishes and kept at room 

temperature* Emerging moths were transferred to a container with an upright 

cylinder of paper for them to alight on, and a piece of heavy pleated tracing 

paper was placed on the bottom for them to oviposit on. Dead adults were 

removed each day and the pleated paper was renewed every four days. The eggs 

were transferred to the culture dishes as described above. Under the conditions 

employed, hatching occurred in six days and last instar larvae ( post-feeding) 

were obtained thirty days after laying. For most of the study, post-feeding 

larvae were used. These were distinguished by size and by the fact that at 

this stage they leave the food to spin cocoons and to pupate. All such 

animals selected were within 3 to 5 days of pupation. Where younger larvae 
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were required they were selected according to head capsule size as designated 

by Beck (i960). 

2.2 DEVELOPMENTAL STAGES. 

With the exception of one experiment ( Chapter 9) the study employed post-

feeding last instar larvae at various stages, pupae of knownage or adult 

moths. Larvae were classified as follows: 

Stage 1 The animals have finished feeding to leave the food and crawl 
around. 

Stage 2 Lightly spinning ( Beck, 1970) or lightly spun up larvae 
(Sehnal and Edwards, 1969)• This stage occurs about 2k hours later. 
Larvae have constructed light cocoons and can still retract their 
anal legs. 

Stage 3 Heavily spun up larvae (stage 2, Pipa, 1967; stages 3 & kf Beck,1970) 
This stage follows about 2k to 36 hours later. Larvae have 
constructed a thick cocoon and are unable to retract their anal 
legs. This stage lasts a variable number of days ( usually about 
two days). 

Stage k Prepupae ( stage 3, Pipa, 1967; stage 5, Beck, 1970). At this 
stage the animal cannot walk or right itself but can squirm, 
especially immediately prior to the larva-pupa ecdysis. The eye 
pigment has completely retracted. This stage includes the pharate 
pupal stage ( Hinton, 1958) and terminates at ecdysis with the 
uncovering of the white untanned pupa. 

Pupae of knownage were used in this study. The newly uncovered white pupae 

were designated 0 hours old. Stage k larvae were checked at 3-hourly intervals, 

where possible, to obtain pupae of known age. Within the three hour period the 

actual age was estimated according to the amount of cuticular tanning. 
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2.3 ANAESTHETISATIOM AND DISSECTION PROCEDURES. 

In most cases larvae undergoing operation procedures were anaesthetised 

by immersion in cold water for 10 to 20 minutes. Larvae being studied to 

determine operation success or arrangement of muscles or nerves were first 

anaesthetised and then opened with a mid-dorsal incision. After being pinned 

out on a wax dish the gut and fat body were removed and the whole preparation 

was flooded with an aqueous methylene blue solution ( 10 mg./ 100 ml.). 

The preparation was then washed using waxmoth saline (Bel ton, 1969). This 

saline had the following composition (mM/l): Na, 35; K, 36; Ca, 12; Mg, 16; 

CI, 127; dextrose, 27^. Dissections of fresh larvae were carried out under 

the above saline. In the case of determining the arrangement of the larval 

muscles or nerves the preparation was fixed in 50 % ethanol and then dissected, 

Where tissues required short term holding they were maintained in the above 

mentioned saline. 

l.k LIGHT MICROSCOPY. 

Animals required for light microscopy were fixed for at least 2k hours by 

injection with Bouin's solution. The whole thoracic region was then isolated 

from the rest of the animal, dehydrated through a series of alcohols and 

embedded in paraffin wax ( melting point, 56 - 58 degrees C.). Sections were 

cut at 6 microns on Jung microtome and left to air dry for 10 minutes. 

They were then oven dried at 60 degrees C. for a further 1 hour. Sections 

were normally stained using routine procedures for Mai lory Heidenhain's 

technique ( rapid) and occasionally with Haematoxylin andEosin. 
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2.5 ELECTRON MICROSCOPY. 

Pieces of tissue approximately 1 mm. in diameter were fixed in 1 % 

glutaraldehyde in phosphate buffer for 1 hour. The tissue was then washed 

and stored in phosphate buffer at k degrees C. Specimens were post-fixed 

for 1 hour in 1 % osmium tetroxide in 0.1 M phosphate buffer. Following 

this they were dehydrated in an ethanol series before being embedded in 

Epon 812. For light micrscopy thick sections were cut on a Riechert 

ultramicrotome and stained with methylene blue. Thin sections were cut 

using glass or diamond knives and mounted on Formvar films on single hole 

grids or on *t00 copper grids. They were stained with uranyl acetate 

(3-5 minutes) and counter stained with lead citrate ( 30 seconds ). They 

were examined using a Phillips EM 200 or EM 301. 



PART I. 

DESCRIPTIONS OF THE MORPHOLOGY OF THE ADULT 

PTEROTHORAX AND THE DEVELOPMENT OF THE MESOTHORACIC 

DORSOLONGITUDINAL MUSCLES OF THE ADULT WAXMOTH. 

(CHAPTERS 3 AND k) 
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CHAPTER 3. THE MORPHOLOGY OF THE SKELETAL AND MUSCLE SYSTEMS OF THE 

PTEROTHORAX OF THE ADULT WAXMOTH. 

3.1 INTRODUCTION. 

Although the major objective of this study was not to be a morphological 

study of Galleria but rather a study of the interaction of nerve and muscle 

during metamorphosis it became apparent that in order to investigate changes 

occurring at metamorphosis it was first necessary to appreciate the detailed 

anatomy of both the larva and the adult. A description of the adult muscles 

relies on a knowledge of the skeletal system which defines the nomenclature 

of the muscles. Nuesch (1953) described the skeletal structures of Anthevaea 

and stated that a detailed analysis of the effects of denervation necessitates 

a precise knowledge of the thorax, especially since some types of operation 

lead to changes in the musculature of the thorax. He queried whether there 

might also be a concomitant change in the skeletal structures. 

Only the skeletal and muscle systems of the adult pterothorax are considered 

in this chapter. Details of part of the larval mesothoracic musculature 

are contained in Chapter k and the morphology of parts of the larval and 

adult nervous systems is described in Chapter 10. 

Although Galleria mellonella is a widely used experimental animal, no 

major description of its integumental or muscular anatomy was found. Thus it 

was necessary to describe its morphology. The morphology of the lepidopteran 

thorax has been investigated by several authors including Weber (1928) for 

Zygaena, Shepard (1930) for Melittia satyriniformiss Catocala oomcumbens and 

other Lepidoptera, Madden (19***0 for Protoparoe (Manduoa), Michener (1952) 

for Eacles imperialis, Nuesch (1953) for Antheraea , Urquhart (19&0) for 

Danaus, Ehrlich and Davidson (1961, 19&3) for Danaus and other butterflies, 

and Srivastava (1961, 1962) for Papilio demoleus. Most of these accounts do 
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not give a comprehensive description for both the skeleton and musculature 

of any one species and in addition there is some confusion over nomenclature, 

Nuesch (1953) commented on some of the difficulties that he met with in 

homologising certain parts of Antheraea polyphemus with the drawings of 

previous workers and decided consequently to restrict his description to 

Antheraea without entering into a discussion of the problematic interpretation 

of different parts. There is considerable disagreement over the sternal and 

pleural regions of many of the thoracic structures of insects. In 

particular, there are basic differences in interpretation between Snodgrass (1 

and Matsuda (1970). Snodgrass ( although he discusses a generalised insect 

rather than a lepidopteran in particular), Nuesch (1953), DuPorte (1965) 

and Matsuda (1970) were treated as the references for this chapter with 

preference being given to Matsuda whose account of the insect thorax is 

thorough, comprehensive and the simplest to follow. 

3.2 THE EXOSKELETON. 

3.2.1 INTRODUCTION. 

The most convenient way of describing the pterothorax is to discuss the 

meso- and metathoracic tergal, pleural and sternal structures separately as 

does Srivastava (1961) in his description of the lemon butterfly Papilio 

demoleuso lt was also decided to discuss the structures of the fore and hind 

wing bases separately, relating this description to Sharplin's (1963a,b) 

detailed account of the wing base structure in the Lepidoptera. The 

morphology of the generalised insect thorax has been fully described by severa 

authors including Snodgrass (1935), Weber (1933) and Matsuda (1970). For many 

years the generalised description of the insect thorax given by Snodgrass 

was accepted as a model of the exoskeleton of this area. In recent years, 

however, this interpretation has become increasingly questioned and/or 

elaborated. Thus several later authors have subdivided the pleuron further 



(16) 

and enlarged the description of the wing base structure, epipleurites and 

sternum (Sharplin, 1963a,b; Matsuda, 1970). Table 1 gives the nomenclature 

of the adult thorax, lt is largely based on Nuesch (1953) and also includes 

the nomenclature of Snodgrass (1935) and Matsuda (1970) for reference. 

Table 1. The nomenclature of the adult thorax. 

Nuesch Snodgrass Matsuda abbreviat ion 

Tergum 

Pleuron 

antecosta 
prescutum 
prealar bridge 

prescutal ridge 

scutum 
anterior notal 
wing process 

median notal 
wing process 

posterior notal 

acrotergite 
antecosta 
prescutum 
prealar bridge 

prescutal ridge 

scutum 
anterior notal 
wing process 

acrotergite 
antecosta 
prescutum 
prescutal arm 
prealar arm 
lateral parap
sidal suture 
scutum 
suralare: ant
erior notal wing 
process, and 
antemedian notal 
wing process 

median notal 
wing process 

posterior notal 

acr 
anc 
prs 
psca 

paa 
lps 

sc 
sra (anwp,amr 

mnwp 

pnwp 
wing process 

inner ridge 

v-shaped no ta l 
r i d g e 

scu te l l um 

a x i 1 l a r y cord 

p o s t a l a r b r i dge 

phragma 

wing process 

ir 

v-shaped no ta l 
r i dge 

scu te l l um 

a x i 1 l a r y cord 

p o s t a l a r b r i dge 

phragma 

scuto-scutellar vr, sss 
suture (and ridge) 

scutellum 

axi1lary cord 

laterophragma 

anterolateral 
scutal suture 

phragma 

scl 

axe 

ip 

als 

episternum 

episternal 
fissure 

prepectus 

pleural ridge 

pleural wing 
process 

episternum 

preepisternal 
suture 

prepectus 

pleural suture 

pleural ridge 

pleural wing 
process 

episternum 

anapleural 
cleft 

preepisternum 

pleural suture 

pleural ridge 

pleural wing 
process 

eps 

ac 

prep 

PS 

Plr 

pwp 
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Table 1 ( cont inued) ; 

pleural 

SSternum 

Coxa 

Wing 
Base 

Nuesch 

pleural 
apophysis 

epimeron 

basalare 

subalare 

sp!nasternum 

presternum 

basisternum 

furcasternum 

furca 

fureal arms 

basi coxite 

bas icosta 

meron 

(coxal 
epfsternum) 

sternocoxale 

first axi1lary 
sclerIte 

2nd axi1lary 
sclerite 

3rd axi1lary 
sclerite 

(4th axillary 
sclerite) 

tegula 

Snodgrass 

pleural 
apophysis 

epimeron 

basalare 

subalare 

spinasternum 

presternum 

basisternum 

furcasternum 

furca 

furcal arms 

laterosternite 

basicoxite 

basicosta 

meron 

——— 

fi rst axi1lary 
sclerite 

2nd axillary 
sclerite 

3rd axi1lary 
sclerite 

---

tegula 

Matsuda 

pleural 
apophysis 

epimeron 

basalare 

subalare 

spinasternum 

presternum 

bas isternum 

furcasternum 

furca 

furcal arms 

ventralpleurite 

basicoxite 

bas icosta 

meron 

— *•— 

sternocoxale 

fi rst axi1lary 
sclerite 

2nd axillary 
sclerite 

3rd axi1lary 
sclerite 

---

tegula 

tegular scale 

abbreviat ion 

epm 

ba (1,2) 

sa 

ss 

pst 

bs 

fs 

f 

fa 

vp 

bcx 

bsc 

m 

cxep 

stcx 

lax 

2ax 

3ax 

4ax 

tg 

tgs 

( ) - Term used in the 
authors. 

text is not referred to by the above three 
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3.2.2 RESULTS. 

3.2.2.1 THE MESOTHORAX. 

The mesothorax is the largest and most prominent of the three thoracic 

segments ( see Figures 1,2,3,and k). 

1. The tergum. 

The mesonotum is large and dorsally convex. Its tergum consists of 

the acrotergite, a narrow band-like prescutum, a very large scutum and a 

well developed rhomboidal scutellum. Tegulae are well developed as thin 

leaf-like structures which are broad and largely dorsally carried ( see 

Figure 2). They protect the joint between the forewing and the thorax and 

are attached to the mesoscutum by a membrane. They are hooked over the wing 

base through a narrow process ( see Figure he). The scutum bears a small 

sclerite laterally anterior to the suralare which partially serves to 

support the tegula. This sclerite is the subtegular sclerite ( see 

Figure 2). 

The acrotergite 

This is a narrow marginal plate with a median notch into which fits the 

posterior end of the prothorax. The posterior end of the acrotergite Is 

marked by the antecostal suture which internally forms a medially notched, 

narrow, band-like first phragma ( see Figures 3a, 3b). 

The prescutum 

This is a narrow sclerite which lies sunken between the acrotergite in 

front and the scutum behind. It is not clearly visible externally. 

Anteriorly it is bounded by the antecostal suture and posteriorly by the 

lateral parapsidal suture which is incomplete and forms a diagonal internal 

ridge. Each lateral part of the prescutum is extended to form a short 

peg-like prealar arm ( see Figure 3a). 

The scutum 

The scutum lies behind the prescutum and forms the major part of the 
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mesonotum, lt is convex and is narrow anteriorly, relatively broad medially 

and narrows slightly posteriorly. Its posterior edge has the shape of an 

inverted V and is marked by a strong internal ridge, the V-shaped ridge 

( see Figure 1). From the anterior lateral part of the scutum there projects 

a small process called the suralare ( see Figure 2). The suralare bears the 

anterior notal wing process and the antemedian notal wing process. This 

division of the suralare into the two anterior wing processes is recognised 

by Matsuda (1970). However no reference to it is made by Snodgrass (1935), 

Nuesch (1953) or Weber (1933). Internally each suralare is separated from 

the main part of the scutum by a strong ridge, the scutal ridge, which runs 

from the posterior margin of the prescutum to the scutal incision. The 

scutal incision is a deep notch in the lateral edge of the scutum just behind 

the suralare. The functional significance of the subdivision of the suralare 

appears to be that each of the two wing processes, the antenotal and the 

antemedian, represents a point of articulation with the first axillary 

sclerite ( Matsuda, 1970). The posterior part of the scutal margin gives 

rise to another process, the median notal wing process. 

The scutellum 

The scutellum is demarcated from the scutum by the scuto-scutellar 

suture. Each end of the suture lies at the end of the base of the posterior 

notal wing process. Internally the scuto-scutellar suture forms a strong 

ridge which provides for the insertion of the third dorsolongitudinal muscle 

and also gives strength and rigidity to the arched condition of the mesonotum 

( Srivastava, 1962). The posterior part of the scutellum is bent downwards 

to be connected to the underlying metanotum through the intersegmental membrane, 

while the lateral corners become continuous with the axillary cords of the 

forewings. The second phragma is a double walled structure of which part is 

carried back as the mesopostnotum to the antecosta while the second part arises 

from the antecosta as the anterior metanotum ( see Figure 1). The second 



(20) 

phragma is directed posteriorly and forms the structure upon which insert 

all but the first fasciculus of the first dorsolongitudinal muscle of the 

mesothorax. Ehrlich (1958) commented that the surface of the midphragma 

has a complex pattern of ridges and varying sclerotisation. Some of 

the major features of this pattern are a lightly sclerotised, anteriorly 

recurved area at the lower angle of the phragma, a heavily sclerotised 

bracing strut along the lower edge, and two well sclerotised ridges running 

ventrally along the bases of the phragmal processes to the posterior angle. 

Continuous with the top of the phragmal process on each side and arching 

with it is a ridge which joins the marginal struts. The meso-metathoracic 

intersegmental membrane is attached on this ridge. On each side the meso-

postnotum is produced into an arm, the laterophragma, which supports the 

posterior margin of the wing base and is connected to the epimeral arm 

( see Figures 1 and 2). 

2. The pleuron. 

The pleuron of each side is divisible into two parts by a prominent 

pleural suture and its ridge ( see Figures 3a,3b and 3c, and kd). This 

suture is the most obvious feature of the mesal wall of the mesothorax and 

it divides the pleuron into a ventral episternum and dorsal epimeron. 

Dorsally the strong pleural ridge serves as a fulcrum for wing movements 

and ventrally forms a condyle for articulation with the coxa ( Pr ingle, 1957)• 

The episternum is larger than the epimeron. Anteriorly it bears a suture, 

the preepisternal suture ( Snodgrass, 1935) or anapleural cleft (Matsuda, 197^) 

which cuts off an anterior preepisternum. The more ventral part of the 

episternum (katepisternum of Matsuda, 197^) is a large piate whose ventral 

part lies anterior to the subcoxal cavity and is called the precoxale. 

The postero-lateral margin of the katepisternum, which limits the subcoxal 

cavity anteriorly, is strengthened by a ridge extending form the ventral 

(posterior) end of the pleural ridge, while posteriorly the katepisternum 
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extends as a narrow strip between the subcoxal cavity and the midventral line. 

This narrow strip bears the ventral coxal articulation and is called the 

ventral pleurite (laterosternite of Snodgrass, 1935). Between the epimeron 

and the episternum lies the deeply inflected pleural suture. Near its 

dorsal limit, at the point of attachment of the primary furcal arms, the 

pleural ridge is produced mesocaudally into a small plate. The inflection 

which produces this plate is responsible for the formation of the preepimeron 

(Figure 3a). Ehrlfch (1958), however, stated that the deep inflection of the 

pleural suture in this area makes the exact method of its formation difficult 

to determine. Narrow strips of the dorsal episternum and epimeron, carrying 

with them the pleural suture, project dorsally between the basalares and 

subalare as the pleural wing process. From this process, just mesal to the 

caudo-ventral corner of the basalare, projects an internal tubular process, 

the pleural apophysis. The tegula articulates with the lateral lobe of the 

pleural apophysis. 

There are two basalar epipleurites ( see Figures land 3a). Basalare 1 

is a large lobe-like structure which is fused with the anepisternum ( dorsal 

episternum) and carries all of the basalar muscles. Basalare 2 is a small 

epipleurite which articulates withthe anterior margin of the pleural wing 

process. When viewed from the outer side the two basalar sclerites are seen 

to be interconnected. The basalar tendon cap referred to by Nuesch (1953) 

and Srivastava (1962) is the second basalare ( Sharplin, 1963a,b). No muscles 

insert on the second basalare. Posterior to the pleural wing process there 

Is another epipleurite, the subalare, which is elongate and articulates with 

the pleural wing process and the laterophragma ( see Figure 1). Nuesch refers 

to a subalar tendon cap. If this is present in Galleria it is fused with the 

subalare and articulates with the anterior extension of the laterophragma 

( the postalar bridge of Nuesch, 1953). The subalare bears a keel along its 

mid inner surface which appears to provide more surface area for the attachment 
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of the subalar muscles. 

There is much disagreement over the nomenclature of the pleural 

constituents. So far as possible this account has followed the system of 

Matsuda (1970). DuPorte (1965), however, commented that Matsuda's system is 

based upon the panorpoid complex in the bei ief that the pleural structures 

found here are primitive. DuPorte doubts that the pleural structures of this 

group can be correctly be regarded as basic to that of other groups. He 

comments that the anapleural cleft, or preepisternal suture, which is an 

important landmark in Matsuda's system of nomenclature is lacking in most 

other insects. 

3» The sternum. 

The mesosternum is largely invaginated to form a broad sternal keel. 

Due to this invagination the mesopleura of the two sides have been drawn close 

together. The midventral line formed by the invagination is a midsternal fold. 

The externally visible basisternum is a small triangular sclerite which is 

longitudinally divided by the midsternal fold ( see Figure 3a)« At the posterior 

extremity of the midsternal fold lies the mesofurcal pit which is the external 

remnant of the mesofurcasternum. The furca is an approximately Y-shaped 

structure, the arms of which fuse with the ventro-caudal corners of the 

prealar parts of the epimera ( see Figure 1). The primary furcal arms run 

from the pleural ridges to the antero-meso parts of the secondary arms. 

The furca is a complex structure? which exhibits varying degrees of sclero-

tisation in different areas. Major features of the furca are the two lamellae 

which project anteriorly from the main stem of the furca. 
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4. The coxa. 

The coxa consists of two sclerites, a relatively narrow anterior coxal 

f,episternumM and a bulbous posterior meron. Marginally it bears three 

apodemes for the insertion of muscles : an anterior, a ventral and a dorsal 

apodeme. The basicostal suture forms a low basicosta, part of which is expanded 

in the form of a triangular ledge which lies mesad to the coxo-pleural point 

of fusion. Ventrally the rim of the coxa is discontinuous and in the gap there 

is a fusiform sclerite, the sternocoxale, which derives its name from the 

fact that it bears the sternal articulation of the coxa. The coxal suture 

extends between the coxo-pleural point of fusion and the dorsai coxo-

trochanteral articulation and is in line with the pleural suture. 

Srivastava (1962) states that the meron is coxal rather than pleural because 

it includes the dorsal coxo-trochanteral articulation, and alsothe suture 

delimiting the meron is always part of the basicostal suture and not of the 

coxal suture. Above the basicosta and lying against the pleural ridge is a 

tiny triangular sclerite, the basicoxlte ( see Figure ke). 

3.2.2.2 THE METATHORAX. 

The metathorax is considerably smaller than the mesothorax (see 

Figures 1, 5a and 5b). 

1 • The tergum. 

The anterior part of the metanotum is infolded as that part of the 

second phragma which is carried by the antecosta ( see Figure 6a). 

The metanotum is demarcated into two areas, the scutum and the scutellum, 

by the scuto-scutellar suture. 
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The scutum 

The scutum forms the main part of the metanotum ( see Figures 5a and 5b). 

Due to the posterior extension of the mesoscutel lum it is divided into left 

and right halves. These are approximately triangular, with the bases forming 

the lateral margins of the notum and the apices directed slightly towards 

each other. Antero-lateral Iy each bears a suture, the lateral suture, which 

runs transversely to the lateral scutal margin and cuts off the anterior notal 

wing process which articulates with the anterior-posterior end of the first 

axillary sclerite. The posterior notal wing process is cut off from the scutum 

by a small suture and it articulates with the distal end of the third axillary 

sclerite. The scuto-scutellar suture is V-shaped with its end situated at 

the base of the notal wing process and its apex extending up to the posterior 

lateral margin of the mesoscutellum.. The apex is unbroken and the internal 

ridge formed by the sutures is strongly developed. 

The scutellum 

The scutellum is a triangular sclerite which is anteriorly demarcated 

by the scuto-scutellar suture. The apical part of the sclerite extends up 

to the posterior margin of the mesoscutum while its posterior part Is bent 

downwards and forwards as the third phragma to be connected wdth the meso-

postnotum. The third phragma is a plate bearing two lobe-like structures 

ventrolateral Iy. Each of these two lobes is braced by two chitinised 

projections which form the ventral margin of the lateropostnotum. The 

basal corners of the scutellum are continuous with the axillary cords of 

the bind wings. 

2. The pleuron. 

As for the mesopleuron the metapleuron has been drawn into the sternal 

region due to the invagination of the metasternum and the two pleura meet 

along the midventral line. Each metapleuron is divisible into an episternum 



(25) 

and an eplmeron by the pleural suture and its ridge. The strong pleural 

ridge Is fused dorsally with the transverse ridge and ventrally with the 

basicosta of the meta-leg. The episternum is anteriorly demarcated by the 

preepisternal suture which cuts off a narrow marginal preepisternum and forms 

an internal ridge which is more pronounced laterally. The preepisternal 

sutures of both sides are fused to form the continuous transverse suture. 

The postero-lateral margin of the episternum which bounds the subcoxal 

cavity is strengthened by small marginal ridges which run between the ventral 

ends of the pleural and episternal sutures and between the episternal suture 

and the midventral line. The ventral pleurite (laterosternite of 

Snodgrass, 1935) bears the ventral coxal articulation. The anterodorsal 

parts of the episternum and epimeron together form the small pleural wing 

process, which is fused anteriorly with the basalare and articulates postero-

laterally with the subalare. 

3. The sternum. 

The metasternum is infolded to form a sternal keel with no part of it 

being visible externally. Due to this infolding the pleura of the two sides 

are drawn close together to meet along the midventral line. At the posterior 

end of this line lies the metafurcal pit which is the only external remnant 

of the metafurcasternum. This pit leads into the metafurca. The metafurcal 

stalk is fused with the posterior margin of the sternal keel. 

k. The coxa. 

The coxa o f the meta- leg is s l i g h t l y sma l le r than t h a t o f the meso-leg 

(see F igures 1 and 6 ) . 
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3.2.2.3 THE WING BASE STRUCTURE. 

Snodgrass (1935) and Pringle (1957) described the wing base structure of 

a typical insect as having three axillary sclerites which bear certain basic 

relationships to each other and to the notum. However no comprehensive 

account of the wing base structure of the Lepidoptera existed until 

Sharplin (I963a,b) described the structures involved in examples of almost 

every family. The following description is based on Sharplin's work and 

uses her nomenclature. 

1. The forewing. 

The first axillary sclerite 

This consists of a detached piece of the median lateral notum which is 

connected to the scutum by ligaments and articulates distally with the 

second axillary sclerite. The anterior arm is associated with the sub

costal vein. The first axillary sclerite articulates with the median 

notal wing process. Sharplin (1963a) details the number and arrangement 

of the ligaments which connect the sclerite to the tergal margin. She 

also describes the type of cuticle involved in the sclerite , part of which 

consists of M bending cuticle11 which gives the sclerite the necessary 

additional flexibi1ity. 

The second axillary sclerite 

This extends through the thickness of the wing base from the dorsal to 

the ventral wing margin,. On the dorsal surface it is connected to the 

radial wing vein and articulates with the first axillary sclerite and first 

median plate. On the ventral wing membrane the second axillary sclerite 

is connected to the subalare and pleural wing process by ligaments. This 

sclerite has a double peg and socket structure. Sharplin (1963a) noted 

that the large-subalar flight muscles (pv*4 and pv5) act directly on the 

wing base through the ligaments which join the subalare to the ventral part 
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of the second axillary sclerite. 

The third and fourth axi1lary sclerites 

The third axillary sclerite is associated with the vannal and jugal 

areas of the wing and articulates with the posterior notal wing process 

through the fourth axillary sclerite. As Ehrlich (1958) commented, the 

fourth axillary sclerite is fused to the posterior notal wing process and is 

differentiated from it by a constricted area. The third axillary sclerite 

has a broad articulation with the proximal end of the third median plate 

through which it indirectly articulates with the second axillary sclerite. 

( see Figure 2). 

2. The hind wing. 

The wing base structure of the hind wing is essentially similar to that 

of the fore wing. The fourth axillary is missing and the second axillary 

sclerite is a simpler structure than that found in the fore wing, lt consists 

of a single solid sclerite which joins the upper and lower wing membranes 

and bears a broad articulation with the first axillary sclerite along its 

proximal edge ( see Figure 5). 

3.3 THE MUSCULATURE OF THE PTEROTHORAX. 

3.3.1 INTRODUCTION. 

The musculature of adult Lepidoptera has been described by several 

authors including Weber (1928) for Plutella maculipennis^ Melonia zonea3 

Adoxyphagos privatana3 Papilio thaiwans and Amata lucerna, Nuesch (1953) 

for Antheraeaf Srivastava (1962) for Papilio demoleu8> Ehrlich and 

Davidson (1963) for the Papi1ionidae, particularly Danausf Matsuda (1970) 

for a generalised insect and Eaton (1973) for Manduca sexta. These authors 

have used a variety of systems of nomenclature including numbering 

Irrespective of structure or function ( Ehrlich and Davidson), and 
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functional based on the kind of action the muscle has ( Snodgrass, 1958; 

Pringle, 1957)• Each of these latter authors combines a functional system 

of nomenclature with a structural one. Srivastava (l962) names muscles 

according to their exact insertion point and consequently has a fairly 

complicated system of names. Weber (1928), Nuesch (1953) and Eaton (1971) 

use a system based on the pleural, dorsal or ventral insertions of the muscles. 

This last sytem was chosen as the most desriptive and most convenient for 

this work, lt allows a comparison to be made between species and is a more 

rational system than the pure numbering system used by Ehrlich and 

Davidson (1963). 

Nuesch (1953) divided the thoracic muscles into the following groups: 

1) Dorsolongitudinal muscles (dl). 
These extend between parts of the tergum and have essentially an 
anterior-posterior orientation. 

2) Ventrolongitudinal muscles (vl). 
These extend between parts of the sternum and its apophyses. 

3) Dorsoventral muscles (dv). 
These arise on the tergum and Insert on the sternum or the leg. 

k) Pleurodorsal muscles (pd). 
These extend between the pleuron and the tergum or the wing base. 

5) Pleuroventral muscles (pv). 
These extend between the pleuron and the sternum or the leg. 

6) Pleural muscles (p). 
These extend between parts of the pleuron. 

7) Sternopedal muscles (st). 
These arise on the sternum or furca and insert on the leg. 

8) Coxal muscles (ex)0 

These arise on the coxa and insert on the trochanter. 

The first three of these muscle groups represent the indirect flight 

muscles of the insect while the direct flight muscles are included withfn 

the pleurodorsal and pleuroventral groups. The muscle system of Galleria 

is very similar to that described by Nuesch for Antheraea with a few minor 

exceptions. The following description is based on Nuesch (1953). 
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Where a muscle is subdivided into fasciculae with like origin and insertion 

the individual fasciculae are indicated by the letters a,b,c,etc. added to 

the subscript. The numbers 2 and 3 preceding the abbreviation indicate the 

meso- and metathoracic segments respectively, 

3.3.2. RESULTS 

3.3.2.1 THE MESOTHORAX. 

1. The dorsolongitudinal muscles. 

d!1 a-e ( see Figure 7a). This is a very strong muscle which fills the 

median part of the segment.-lt is subdivided into five fasciculae which, 

according to Nuesch (1953), ^re more or less independent in their contraction 

in response to electrical stimulation. The lower most fasciculus (a) arises 

on the first phragma, fasciculus (b) on the prescutum and fasciculae (c,d,e) 

on the scutum. Fasciculae (a-d) insert on the second phragma while (e) 

inserts on the scutellum. 

d12 ( see Figure 7b). This is a fairly thick muscle which arises on the 

lateral scutum behind dv5 and inserts on the laterophragma. Its extension 

is nearly parallel to that of the dorsoventral muscles. 

d!3 ( see Figure 7a). This is a thin flat muscle which arises on the 

V-shaped ridge and inserts almost medially on the posterior edge of the 

scutellum. 

2. The ventrolongitudinal muscles. 

vll ( see Figure 7b). This is a fairly thin muscle which is divided into 

two fasciculae. Both arise on or lateral to the tendon of furca 2 and insert 

on the lateral plate of furca 3. 

v!2 ( see Figure 7b). This is a very thin muscle which arises on the apex 

of the spina and inserts on furca 2. 
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3. The dorsoventral muscles. 

dv1 a,b ( see Figure 7b). This consists of two thick muscle masses 

separated by a layer of tracheae, each one dorsally subdivided into two 

parts by the inner ridge of the scutum. Ventrally each one forms a single 

muscle mass. The muscle arises on the scutum lateral to the dorsolongitud-

inal muscles and median and lateral to the inner ridge, lt inserts on the 

sternum along side the median ridge. 

dv2 ( see Figure 7b). This is a thick muscle dorsally subdivided into two 

equal parts by the inner ridge, lt arises on the scutum caudal to dvlb 

and inserts on the median part of the basicosta. 

dv3 a,b ( see Figure 7b). These are two well separated muscle masses 

which arise on the scutum caudal to dv2. Fasciculus (a) is medial to, and 

fasciculus (b) is lateral to the inner ridge. Both insert on the median 

tendon of the trochanter. 

dvk ( see Figure 8a). This is a thick muscle which arises on the scutum 

lateral to dv5 and caudal to dv3b. lt inserts on the ventral corner of the 

meron immediately behind the merocosta. 

dvg ( see Figure 8a). This is a thick muscle which arises on the scutum 

caudal to dv3b and inserts on the meron latero-caudal to dv4. 

k. The pleurodorsal muscles. 

pd1 ( see Figure 8b). This is a short thick muscle which arises on the 

pleural apophysis and inserts on the first basalare. 

pd2 a,b,c ( see Figure 8b). This is a large muscle with three parallel 

fasciculae. Fasciculus (a) arises above the episternal fissure on the 

episternum; fasciculus (b) arises on the episternal ridge; arid fasciculus (c) 

arises on the epimeron caudal , to Snd above the angle of the pleural ridge. 

All three fasciculae insert on the median edge of the dorsaJ third axillary 

sclerite. 
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pd3 ( see Figure 8b). This is a thin muscle which arise on the pleural 

wing process and inserts on the anterior-ventral edge of the first axillary 

sclerite. 

pdfr ; ( see Figure 8b). This is a small flat muscle which arises on the 

anterior half of the pleural apophysis and inserts on the small sclerite 

immediately above the attachment of the tegular arm on the scutal membrane 

( subtegular sclerite). 

pd5 ( see Figure 8b). This thin muscle arises on the lateral edge of the 

scutum and inserts on the ventral edge of the first basalare. 

5» The pleuroventral muscles. 

pvl ( see Figure 8a). This is a very thick muscle which arises on the 

preepisternum lateral to dv1 and inserts on the anterior third of the first 

basalare. 

pv2 ( see Figure 9a). This fairly thick muscle arises on the basicosta 

lateral to dv2 and inserts on the middle and posterior third of the first 

basalare. 

pv3 ( see Figure 9a). This is a fairly thin muscle which arises on the 

caudal edge of the first basalare and inserts with dv3 on the median tendon 

of the trochanter. 

pv*l ( see Figure 9a). This is a thick muscle which arises on the meron 

lateral to dv4 and just behind the merocosta. lt inserts on the subalare. 

pv5 ( see Figure 9a). This thick muscle arises on the meron lateral to 

dv5 and caudal to pv*4. lt inserts on the subalare. 

pv6 ( see Figure 8b). This is a thin flat muscle which arises on the 

episternum in front of the pleural ridge and inserts on the medial end 

of the basicosta. 
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pv7 ( see Figure 8b). This flat fan-like muscle arises on the pleural 

ridge between the angle of the pleural ridge and the coxal articulation. 

It passes between dv3 and dv*t and 5 and inserts by a long tendon onto 

furca 2. 

pv8 ( see Figure 8a). This is a short muscle which arises on the caudal 

tendon of furca 2 lateral to dll. lt crosses the segmental limit to insert 

on the metathoracic basalare. 

6. The pleural muscles. 

pi -( see Figure 8b). This is a short thick muscle which arises on the dorsal 

epimeron and dorsal edge of furca 2 and inserts on the caudal side of the 

subalar tendon cap and on the subalare. 

7. The sternopedal muscles. 

st1 ( see Figure 9b). This is a flat muscle which arises on the caudal part 

of the median sternal ridge and on the ridge in front of the furcasternum. 

It inserts on the coxa medial to the sterno-coxal articulation. 

st2 ( see Figure 9b). This thick muscle arises ventrally on the median 

tendon of furca 2 and iaserts on the median tendon of the trochanter. 

st3 ( seeFigure 9b). This thin flat muscle arises on the posterior side of 

the ridge of the furcasternum and inserts caudal Iy on the dorsal side of the 

meron. 

8. The coxal musc1es0 

cx1 ( see Figure 9c). This is a thick muscle which arises medially on the 

underside of the basicosta and inserts on the anterior side of the median 

tendon of the trochanter. 

cx2 ( see Figure 9c). This large flat muscle arises laterally on the underside 

of the basicosta and on the merocosta and inserts on the lateral tendon 
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of the trochanter, 

cx3 ( see Figure 9c). This is a thin muscle which arises on the ventral 

side of the sternocoxale and inserts on the caudal edge of the trochanter. 

S. The dorsal muscle. 

d_ This muscle is not mentioned by Nuesch (1953). lt is situated on the 

scutellum and runs transversely from the centre of the scutellum to its 

lateral edge. 

3.3.2.2. THE METATHORAX. 

1. The dorsolongitudinal muscles. 

dll a,b ( see Figure 9d). This is a fairly small muscle. The two fasciculae 

arise along side of one another on the prescutum and insert on the postnotum. 

d!2 ( see Figure 9d). This is a thick muscle which arises on the anterior 

scutum lateral to dll and above the dorsoventral group, lt inserts on the 

third phragma. 

d13 ( see Figure 9d). This thin flat muscle extends between the anterior 

and posterior ridges of the scutellum. 

2. The ventrolongitudinal muscles. 

vll ( see Figure 9d)• This is a broad thick muscle which arises on the 

lateral tendon of furca 3 and inserts on the anterior edge of the fused 

sterna of the first two abdominal segments. 

v!2 ( see Figure 9d). This short thick muscle arises on the postcoxal 

bridge and inserts just above v!1 on the anterior edge of the fused sterna 

of the first two abdominal segments. 
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3« The dorsoventral muscles. 

dvl a,b ( see Figure 9e). This is a thick muscle with two fasciculae. 

Both arise on the anterior scutum. Fasciculus (a) inserts on the sternum 

while fasciculus (b) inserts on the lateral coxa. 

dv2 ( see Figure 10a). This is a thick muscle which arises on the scutum 

adjacent to dv1 and inserts on the inner surface of the median tendon of 

thetrochanter. 

dv3 a,b ( see Figure Se). This is a fairly strong muscle which has two 

fasciculae. Both arise caudal to dv2 and insert on the outer side of the 

median tendon of the trochanter. 

dv4,dv5 ( see Figure Se)0 The description of these muscles corresponds to 

those for muscles of the same name in the mesothorax. 

4. The pleurodorsal muscles. 

pdl This muscle is absent in the metathorax. 

pd2 a,b ( see Figure 10b). This is a small muscle which is composed of 

two fasciculae. Fasciculus (a) arises on the episternum along side the 

episternal ridge while fasciculus (b) arises on the episternal ridge just 

above the articulation of the coxa. Both insert on the dorsal thir.d axillary 

sclerite. 

pd3»pd4,pd5 These muscles are all absent in the metathorax. 

5* The pleuroventral muscles. 

pvl This muscle is absent in the metathorax. 

pv2 a,b ( see Figure 10a). This is a thick muscle which is divided into 

two muscle masses. Both arise within the basalare and insert on the basicosta. 
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pv3,pv^,pv5»pv6 ( see Figures 10a, 10b), The description of these 

muscles corresponds to that for muscles of the same name in the mesothorax. 

pv7 This arises on the ventral tendon of furca 3 and inserts on the pleural 

ridge. 

pv8 This muscle is absent in the metathorax. 

6. The pleural muscle. 

pi There is no homologue of 2pl in the metathorax. 

7. The sternopedal muscles. 

stl,st2 The description of these muscles corresponds to that for muscles of 

the same name in the mesothorax ( see Figure 10c). 

st3 This muscle arises on the furcasternum and inserts on the caudal inner 

edge of the meron ( see Figure 10c). 

8. The coxal muscles. 

cx1,cx2,cx3 ( see Figure 10d). The description of these muscles corresponds 

to that for muscles of the same name in the mesothorax. 
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FIGURE 1. Sagittal view of pterothorax. ( x 75). 
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FIGURE 2 . Dorsal v iew o f mesothorax ( x hO). 
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FIGURE 3. A. Ventral view of mesothorax. 

B.S C. Details of anterior wing margin. 
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FIGURE k. A. Lateral view of mesoscutum. 

B&C. Tegula. 

D. Lateral view of mesothorax. 

E. Mesocoxa. 
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FIGURE 5. A. Ventral view of metathorax (xkS). 

B. Dorsal view of metathorax (xkS). 
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FIGURE 6. A. Inner view of metathorax showing 
second phragma. 

B. Metacoxa. 



FIGURE 6A. 



The following key applies to Figures 7 " 10: 

dl = dorsolongltudlnal muscles 
vl = ventrolongitudinal muscles 
dv = dorsoventral muscles 
pd = pleurodorsal muscles 
pv = pleuroventral muscles 
p = pleural muscle 
st = sternopedal muscles 
ex = coxal muscles 

FIGURE 7. A&B. Muscles of the mesothorax. 
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FIGURE 8. ASB. Muscles of the mesothorax. 
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FIGURE 9. A,BSC. Muscles of the mesothorax. 

D&E. Muscles of the metathorax. 



FIGURE 9. 



1 

FIGURE 10. A - D. Muscles of the metathorax. 



FIGURE 10 
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CHAPTER 4. THE DEVELOPMENT OF THE MESOTHORACIC DORSOLONGITUDINAL 
FLIGHT MUSCLES. 

4.1 INTRODUCTION. 

The indirect flight muscles in insects may arise in anumber of ways 

ranging from the growth of rudimentary fibres already present in the larval 

instars,(Hinton, 1959) to the penetration of degenerating larval muscles by 

free myoblasts ( El Shatoury, 1956; Beinbrech, 1968; Peristiamis and 

Gregory, 1971) to the formation of entirely new imaginal muscles at the time 

of the metamorphosis ( Hufnagel, 1918; Beinbrech, 1968; see also reviews of 

Hinton, 1959; Finlayson, 1975). 

Most of the detailed studies describing the development of the indirect 

flight muscles have been concerned with their development in the Diptera 

(El Shatoury, 1956; Shafiq, 1963; Beinbrech, 1968; Auber, 1969).There have, 

however, been a number of studies of these muscles in the Lepidoptera 

(Hufnagel, 1918; Eigenmann, 1965; Sahota and Beckel, 1967a; Basler, 1969)• 

Hufnagel (1918), studying the moth Yponomeuta padella, described the replacemen 

of some larval muscles by the adult musculature. He stated that the adult 

muscle usually arises from small nuclei already present in the lar.val muscle, 

the M petits noyaux imaginaux" or M adult nuclei11 of Hinton (19^9) • The 

transition from larval to adult muscle begins in the last day or so of the 

prepupal stage beginning with the growth and mitotic division of these small 

cells ( presumptive myoblasts) to be followed after metamorphosis to the 

pupa by the fusion of the myoblasts to form rudimentary fibres. The nuclei 

within these fibres then multiply by M amitotic11 division. This developmental 

sequence ends with the growth of the fibres and the development of transverse 

striations. This basic mode of development ( type IV, Hinton, 1959) was 

confirmed for the moth Antheraea pernyi by Eigenmann (1965) and for 

A. polyphemus by Basler (1969). 
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Sahota and Beckel (I967a,b) studied the development of the indirect 

flight muscles as a part of their study of the epidermal influence on flight 

muscle orientaion in Galleria mellonellao They pointed out M that the 

longitudinal flight muscles also (as well as the dorsoventral muscles) 

in this insect developindependently of any larval muscles or rudimentary 

Imaginal muscles11. This observation may be considered surprising since it 

necessitates two different types of development for dorsolongitudinal flight 

muscles in the Lepidoptera, lt may also be noted that the observations of 

muscle development began within the first three hours after the appearance 

of the pupa when the myoblast masses were already well formed. Since changes 

in the larval muscle havebegun to occur before the appearance of the pupa 

in both Yponomeuta and Antheraea it is possible that the above observations 

of Sahota and Beckel may not be entirely accurate. 

In this study the mesothoracic dorsolongitudinal muscles were specific

ally chosen on the basis of preliminary results which indicated that the norm* 

development of these muscles is dependent -upon the first thoracic ganglion. 

These results are described in detail in Chapter 5» 

Thus the aims of this section are: 

To determine which larval muscles ( if any) give rise to the dorso-

longitudinal flight muscles of the mesothoracic segment in Galleria* 

To examine, using light microscopy, these developing dorsolongitudinal 

fiight muscles. 

i) 

2) 
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Last instar larvae, last instar larvae at stages 3 and 4 of development 

( see Chapter 2), and a series of pupae of known age between 0 hours 

( white pupa) and 180 hours were fixed and treated for light microscopy as 

outlined in Chapter 2. Particular attention was paid to pupae between 

0 and 52 hours old where animals were fixed at 2-hourly intervals in order 

to determine the early course of events as accurately as possible. There

after animals were fixed at 6 to 12 hour intervals. In general, transverse 

sections were taken. Longitudinal sections were taken at six stages: 

0, 24, 48, 72, 96 and 120 hours pupae. 

4.3 THE LARVAL MUSCULATURE. 

As noted in the introduction to this section the dorsolongitudinal 

muscles of the adult were chosen as the specific subject of study for flight 

muscle development. Therefore muscles of the mesothorax of the larva which 

had at least one dorsal insertion and which were orientated longitudinally 

were examined and drawn ( see Figure 11). No reference is made to several 

transverse muscles which are located in the same area. An arbitrary 

numbering system was used to label the muscles. 

Altogether there are 18 such dorsal longitudinal muscles of which some 

have a lateral, or pleural, insertion as well as a dorsal insertion 

(muscles 3,4,5 and 6) 0 Muscles 1̂ -8 traverse the length of the segment while 

the remaining muscles have one of their insertions within the segment and 

the other at either the posterior or anterior segmental limit. 
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k.k RESULTS. 

Table 2. The sequence of events In the development of the mesothoracic 
dorsolongitudinal muscles. 

Late stage 2 larva Muscles 7 and 14 have lost their transverse striation; 
The nuclei of these muscles have enlarged. The other 
dorsal muscles retain their larval appearance. 

Stage 3 larva Muscles 7, 11 and 1^ are becoming reduced in size. 
These muscles contain many presumptive myoblasts. 
Muscles 1 and 2 are reduced in size and are losing 
their transverse striations. The other dorsal muscles 
still retain a larval appearance although a few pre
sumptive myoblasts are obvious in most of them. 

0 hours pupa Muscles 7, 11 and 14 consist of masses of presumptive 
myoblasts. They have no larval tissue left. Muscles 
15 (future 2dl2) and 9 ( future 2dl3) ^re losing theii 
transverse striations and contain many presumptive 
myoblasts. All of the dorsal muscles are surrounded b> 
their larval connective tissue sheaths. 

2 hours pupa The presumptive myoblasts in muscles 7,11 and 14 
( future 2d 11) are beginning to attain a typical 
bipolar myoblast shape. 

10 hours pupa The connective tissue sheaths around muscles 7,11 and 
14 have been lost. Muscle 7 has overgrown muscle8. 
The myoblasts have an anterior-posterior orientation. 

16-18 hours pupa 2dl1 ( larval muscles 1,2,7,8,11 and 1*0 is beginning 
to assume its characteristic shape and orientation. 
The other dorsal muscles are becoming very reduced am 
each contains a few developing myoblasts. 

20-24 hours pupa All three 2d 1 muscles can be seen in cross section. 
The cells of dl1 are all orientated and are fusing to 
form fibres which at this stage are thin strands one 
or two cells in diameter.The definitive number of 
fibres of d!1 is determined at this stage.Free myo
blasts later incorporate into these first formed 
fibres. Many dividing cells are seen. 

36 hours pupa D U has split into five fasciculae. D12 and d13 
consist of loose clusters of orientating myoblasts. 

48 hours pupa All three dl muscles consist of fibres and free 
myoblasts. The myoblasts are still dividing. 
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Table 2 (continued)... 

60-72 hours pupa The dl1 muscle has taken up its definitive position 
and now occupies the greater part of the dorsal 
mesothoraxo There are still some free myoblasts but 
fewer cell divisions are seen. 

82 hours pupa There has been no overall increase in fibre diameter. 
The nuclei of the fibres have decreased in size and 
the fibres contain more cytoplasm. 

87 hours pupa The fibres of dl1 are beginning to develop transverse 
striations. The fibres are increasing in size. 

120 hours pupa All three dl muscles have their characteristic shapes 
and positions. The fibres are continuing to increase 
in diameter. 

168 hours pupa The adult condition has been achieved. 

A summary of the following results is contained in Table 2 and Fig. 12. 

The last instar larva completes feeding and leaves its food to wander and 

eventually to spin a light cocoon within which it will pupate. At this stage 

the larval muscles appear indistinguishable from each other except for the 

sizes and the positions they occupy ( see Figure 13a)« Each larval muscle is 

surrounded by a basement lamina or connective tissue sheath and contains 

small darkstaining nuclei which are found both peripherally and within the 

muscle (see Figure 12a). In cross section these nuclei are flattened small 

entities. No differences between them could be detected at this stage. 

They were more obvious on the periphery than in the main body of the muscle. 

A preliminary investigation of the larvae from the previous two instars 

(fifth and sixth instars) showed a similar situation, although in the case 

of the earlier instars the inner structure of the larval muscle is very tight 

and few nuclei could be seen in longitudinal section. At the final instar 

a longitudinal section reveals thin nuclei which are sometimes arranged in 

small groups within the larval muscle. This situation is different from 

that described by Hufnagel•(1918) who found two clearly separable types of 

nuclei in the larval muscle of Yponomeuta padella. A preliminary 
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ultrastructural investigation of the nuclei of muscle 7 of the last instar 

larva showed that no differences could be detected between the nuclei 

( see Figures 15a, 15b and 16a). Furthermore no separate small cells were 

seen to be contained within muscle7 at this stage. 

Late stage 2 larva 

Changes in some of the larval muscles become visible in the caterpillar 

about k8 to 60 hours prior to its pupation when it has just reached stage 3 

of development (a heavy cocoon has been spun byt the postpedes have not yet 

retracted). At this stage two muscles, 7 and 14, begin to lose their normal 

larval appearance. They no longer possess any obvious transverse striation. 

The nuclei have enlarged slightly and are becoming rounded in shape ( see 

Figure 12b). In longitudinal section many gaps in the muscle containing 

nests of these nuclei are seen. At this stage there is no close association 

between blood cells and muscle. lt should be noted that while the majority 

of the dorsal muscles still appear basically larval in character many of the 

lateral and ventral muscles are undergoing changes similar to those occurring 

in muscles 7 and 14. At this stage the fat body has enlarged to fill almost 

the whole of the thoracic cavity. lt lies in close contact with the thoracic 

muscles. 

Stage 3 larva 

At this stage the postpedes have retracted. ,ln section the wing discs 

are seen to have everted and the fat body takes up even more space and is 

apparent as a densely staining tissue. Many more haemocytes were seen in 

cross section although there Is still no association of muscle and haemocyte. 

At this stage muscles 7, 11 and 14 are all undergoing obvious changes with 

the darkly purple staining larval tissue beginning to disappear ( see 

Figure 13b). The process involved in this disappearance is not certain 

( see discussion 4.5). However it does not appear to be by phagocytosis 

since no haemocytes were seen to be associated with thfe muscles at this stage 
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Muscle 7 looks quite different from adjoining muscle 8. lt contains many 

nuclei and a decreasing amount of larval tissue. This Is particularly 

obvious midway along the muscle where the most rapid transformation is taking 

place. At either end the larval character of the muscle is largely retained. 

At this stage the adult nuclei stain pale pink with Mallory's Triple Stain 

and contrast strongly with the darker staining larval muscle. The connective 

tissue sheaths which surround the larval muscles is in tact at this time so 

that the nests of presumptive myoblasts which are developing in the three 

changing muscles ( 7, 11 and 1*0 are contained by the sheaths and are 

separated from each other. The nuclei of the larval muscles undergo a change 

from being small condensed bodies to large easily recognisable nuclei. 

The growth of these nuclei appears to force the larval muscle tissue apart. 

At this stage no nuclear divisions were seen. 

Stage k larva ( pharate pupa) 

Muscles 1 and 2 are much reduced in size and are losing their striated 

appearance. In section they appear as thin bands of dark staining tissue 

which occupy the same positions as in the earlier stages. Muscles 3,^,5 

and 6 retain their larval appearance. The thoracic cavity is packed with fat 

body which completely surrounds the larval and developing adult muscles. 

The number of haemocytes appears to be increasing but there is no association 

of haemocytes and muscles. At this stage the muscie nuclei appear to have 

assembled a small amount of cytoplasm around them and are apparent as cells 

rather than nuclei. They are round cells (A.3 micron diameter) with a 

distinct large nucleus ( see Figure 12c). 

0 hours pupa 

The dorsal muscles can be seen in varying stages of transformation. 

By now all of the adult cells are of a uniform size (l^microns diameter). 

Muscles 7, 11 and 1*t have completely transformed to become masses of presumptive 
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myoblasts ( see Figure 13c). No remaining larval tissue can be seen in these 

muscles. Mitotic figures are seen occasionally ( approximately one in 

ninety cells). In longitudinal section the transforming muscles are seen 

to be connected to the epidermis. The ends of each muscle are vacuolated 

and attenuated but small adult cells can be seen along the length of the 

muscle. Muscles 9 and 15 are beginning to transform at this stage. These 

muscles are destined to become the third and second dorsolongitudinal 

muscles of the mesothorax. Now, and in the larva, they already occupy 

approximately the same positions that they will have in the adult moth. 

All of the dorsal muscles are surrounded by the connective tissue sheaths 

which enclose the larval muscles so that closely adjoining muscle masses 

are still separated form one another. 

2 hours pupa 

At this stage the presumptive myoblast consists predominantly of the 

nucleus and has little cytoplasm. In muscles 7, 11 and 1*t these muscles are 

beginning to gain a typical, bipolar myoblast shape. They have no particular 

orientation. There is a marked contrast between muscles 7 and 8, the latter 

still possessing larval characteristics. 

6 hours pupa 

The connective tissue sheaths surrounding muscles 7 and 1** appears 

to have been lost and there is no longer any distinction between these muscle 

masses in transverse section. However, there is a distinction between these 

muscles and muscles 1 and 2 which form a thin band on the inner edges of 

muscles 7 and 1*4. 

10 hours pupa 

The myoblasts are beginning to be orientated in an anterior-posterior 

direction. These cells have a definite myoblast shape and possess more 
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cytoplasm than did the earlier stage. The nucleus, which is a prominent 

feature, is slightly elongate and tends to lie to one side of the cell 

( see Figure 12d). Muscle 8 has been overgrown by muscle 7. 

12 hours pupa 

Very little larval tissue remains in any of the dorsal muscles. 

Muscles 1 and 2 are even more reduced and consist of thin bands of myoblasts 

which are separated from each other. The transforming muscle mass which will 

be the first dorsolongitudinal muscle ( larval muscles 1,2,7,8,10,11 and Ik) 

is made up of loose associations of cells with spaces between them. There is 

still a distinction between muscles 1 and 2 and the main muscle mass.( see 

Figure 13d). The myoblasts are oriented into strings of cells which contain 

more cytoplasm than previously so that many cell profiles consist solely of 

cytoplasm at this stage. The other dorsal muscles are becoming very reduced 

and each contains a few developing myoblasts. 

16-18 hours pupa 

The volume taken up by the presumptive dll muscle is far greater than that 

previously occupied by its constituents. This muscle mass is well formed 

and is beginning to assume its characteristic shape and orientation. 

Muscles 1 and 2 can just be distinguished as a darker line of cells lying on 

the inner edge of the mass. 

lt is clear that the main contribution to the future dll muscle has come 

from muscles 7 and Ik which, as already mentioned, begin to change in the late 

larva and grow markedly in volume from that time on. Muscle 11 also contributes 

to dll but not to the same extent. Muscle 10 is overgrown by muscle 11. 

Muscle 8 contains a few presumptive adult cells but is largely overgrown by 

muscle 7, the space which it formerly occupied being taken over by this muscle. 

Muscles 1 and 2 contribute very little substance to dll but mark its inner 
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boundary. The chief remaining dorsally situated muscles are the obliquely 

running 3,^,5 and 6 which are visible throughout this early pupal stage. 

They are slowly transforming muscles which come to consist of small clusters 

of myoblasts and are probably destined to become the dorsopleural muscles 

of the adult (although their development was not closely followed). As already 

mentioned muscles 9 and 15 transform to become 2d 13 and 2dl2. A few larval 

muscles .appear to contribute nothing to the adult musculature. These are 

muscles 12,13,16,17 and 18. However, as already stated, these muscles are 

indistinguishable from their companions in the late larval instar and also 

possess the small nuclei which will later develop into myoblasts. During the 

early pupal stages these muscles are seen to contain presumptive myoblast 

cells and it is not clear what happens to these. However they do not increase 

in number or size in the positions they occupied in the larva, lt is possible, 

though this was not observed, that they migrate to become part of other muscles. 

20 hours pupa 

In longitudinal section it is obvious that the dl muscles are not 

completely developed at their anterior and posterior ends. At this stage 

there is .still some larval tissue left ( probably muscle 8). The developing 

d!1 muscle is seen as a spindle-shaped mass which is associated with the 

epidermis at each end. In some places haemocytes can be seen in association 

with the muscles. In this region the haemocytes stain blue ( with Mai lory's 

Triple Stain). Their colour is reminiscent of the blue staining connective 

tissue sheaths which surround the larval muscles, and is different from that of 

the free haemocytes which stain pink. Such blue staining haemocytes were also 

seen in the region of the nerve cord in close association with the similarly 

coloured neural lamella. A possible role of these haemocytes is discussed 

later. 
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2M - 2k% hours pupa 

All future dl muscles can be seen in section. Not all of them contain 

orientated myoblasts. D12 is surrounded by the above mentioned haemocytes 

and in the region of the epidermal-muscle connection there is a particular 

concentration of haemocytes. By the 2k hour stage the cells of dll are all 

orientated and are fusing to form fibres. This fusion of orientated myoblasts 

results in the formation of multinucleate fibres which no longer contain any 

obvious cell boundaries. Not all of the myoblasts fuse at once so that in 

section both fibres and loosely attached as well as free myoblasts can be 

seen ( see Figure 12f). At this stage each fibre consists of a thin strand 

which is one or two cells in diameter. Also at this stage the definitive 

number of fibres of the dll muscle is determined ( approximately 300). 

Thus, myoblasts which have not fused at this stage will later add their 

substance to these established fibres rather than forming new fibres ( see 

Figure 1 *la). 

The factors which determine the orientation of the myoblasts are difficult 

to decide from this investigation, lt appears that almost all of the substance 

of the larval muscle has disappeared before the stage at which the myoblasts 

have oriented and fused. Thus, although the larval muscle was itself oriented 

in the direction of the future adult muscle it appears that it is not present 

as a path of contact guidance for the developing myoblasts. From the 

beginning, however, the developing dorsolongitudinal muscles retain their 

contact with the epidermis with which their larval precursors were associated 

( cf. Sahota and Beckel, 1967a). Thus they do have anterior and posterior 

ends. This question of how the muscle becomes oriented is discussed later 

( sect ion k.$)• 

The three dl muscles do not develop simultaneously. At the 2k hour stage, 

when the cells of dll have fused to become the fibre precursors of the adult 
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muscle, the myoblast populations of dl1 and dl2 still consist of single, 

randomly oriented cells*. The two smaller muscles develop approximately 2k 

hours later than dll. Around each dl1 bundle there is a clear space which 

separates the growing dll muscle from the surrounding fat body. 

25£ - 271 hours pupa 

Each fibre in dll has several nuclei lying around the periphery. At 

this stage there is still a loose association of individual cells and fibres 

(see Figures 12e and 1**b). 

32 - 3k hours pupa 

Little change has taken place from the earlier stage. Each fibre of 

dll is spaced apart form its neighbours and there are less free myoblasts. 

All three dl muscle masses are well formed. The muscle body which forms 

dll is peripherally demarcated into the future five fasciculae of this muscle 

although as yet there is no internal separation of the muscle ( see Figure 1*4c)« 

In any cross section there appear to be two kinds of nuclei in or very closely 

adjoining the fibres. These nuclei are distinguished by position, depth of 

staining and sometimes by shape. Within the fibre and usually lying towards 

the outside, but not on the periphery, are nuclei which are probably from the 

original fused cells. On the periphery the nuclei of newly incorporated or 

incorporating myoblasts are situated. The mechanism of incorporation is not 

obvious. However it appears that the myoblasts come to lie close to the fibre, 

their nuclei outermost*so that the cytoplasm of these myoblasts merges with 

the fibre to leave the original myoblast nuclei lying internally while the 

newly incorporated cell nucleus is peripheral. Myoblasts which incorporate 

later are not necessarily oriented in an anterior-posterior direction but 

sometimes appear to wrap around the developing fibre. 



36 - 38 hours pupa 

The dl1 muscle has split to give the customary five fasciculae of the 

developed muscle ( see Figure 1*fd). Occasional nuclei are seen lying internally 

in the fibre but the nuclei are usually arranged around the periphery. Very 

few free cells are seen. The d13 muscle consists of a loose cluster of 

orienting myoblasts. The fat body is less darkly stained and takes up less 

space. Fewer myoblasts were seen at this stage and these cells were usually 

not associated with the muscle except close to its attachment to the epidermis. 

kO - kl hours pupa 

The nuclei surrounding the fibres are slightly larger than at the previous 

stage. In longitudinal section they are seen to have elongated. There are 

many dividing nuclei which appear to lie close to the surface of the fibre. 

hi - **9 hours pupa 

The fibres comprising dl1 are well separated. In transverse section 

the nuclei are seen totake up about 50 % of the fibre volume. Most of these 

nuclei are quite elongate while the fibres themselves are oval in shape. 

In longitudinal section the cytoplasm of the fibres appears to be fibrous 

and oriented in the direction of the fibre ( see Figure 12g). 

60 - 72 hours pupa 

The dll muscle has taken up its definitive position . The shape of the 

muscle mass has changed, each fasciculus having stretched to lie across the 

width of the mesothorax ( see Figure 1^e). Far fewer mitotic figures are 

seen at this time ( approximately 1 in 180 cells). The nuclei still occupy 

a prominent position although they have decreased in size. A thick epon 

section of the 60 hours pupa revealed that there were still some free 

myoblasts and that there were still myoblasts in the process of being 

incorporated into the fibres. At no stage are the M amitotic" nuclear 
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divisions described by Hufnagel (1918) and Eigenmann (l965) seen. However 

up until the 72 hour stage mitotic cell divisions may be observed. In some 

cases nuclei which appear to be Inseparable from the fibre were seen to be in 

mitosis. A preliminary ultrastructural study of the muscle at this stage 

showed that myoblasts could be very closely associated with the fibre but 

nevertheless independent of it ( see Figure 16b). 

Several questions may be asked?* about the way in which dl1 is formed. 

The first concerns the division of the muscle mass into five fasciculae. 

It may be observed that whereas the future components of dl1 lie lateral to 

each other (see Figure 13a) the fasciculae are arranged in a dorsoventral 

direction. From the position of the larval muscles it seems probable that 

dlle is derived from muscle 11 since this muscle, like its larval precursor, 

is shorter than the other four fasciculae which extend the whole length of the 

segment both in the larva and in the adult. However it is not clear how the 

characteristic division of the five fasciculae is achieved. Each fasciculus 

undergoes a clean break from its neighbour ( see Figure \kd) and the fibres show 

no sign of stress. There are no features which distinguish any of the fibres 

of the five fasciculae. 

The second question may be directed towards the change In shape of the 

five fasciculae at the 60 to 72 hour pupal stage. As already described, the 

five fasciculae lose their rounded shape and become stretched out In the lateral 

plane to occupy their definitive adult position. The fibres themselves do 

not increase in size,as Figure 17 indicates. The average diameter of the 

muscle fibres at this stage is little different from that of the 32 hour pupa. 

However it may be seen that not only have the five fasciculae changed in shape 

but so have the individual fibres, with the central fibres of each fasciculus 

assuming a thin and laterally stretched appearance ( see Figure 12h). 

Unlike the case of the initial division of dl1 there does appear to have been 
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a stress placed on the component fibres in achieving this lateral expansion. 

lt seems probable that this expansion is due to the growth of the epidermal 

cells to which the fasciulae are attached. 

72 - 82 hours pupa 

Very occasionally, mitotic figures are seen. However these divisions 

become progressively rarer from the previous stage onwards. The nuclei 

assume a markedly elongated appearance while the fibres are more closely 

arranged and contain more cytoplasmic material. However as Figure 17 shows 

there has been no appreciable increase in fibre diameter at this stage. 

The fat body is decreasing in size and is more vacuolated than previously. 

82 - 87 hours pupa 

At this stage the fibres are beginning to attain transverse striations. 

Also , ••''• the nuclei are gradually becoming a less prominent feature of the fibre 

while the fibre itself is growing in diameter due to its increasing cytoplasmic 

content. Nuclei are almost invariably situated on the outside of the fibre 

although the occasional centrally located nucleus can be found ( see 

Figures 12i and l4f). 

89 - 95 hours pupa 

Individual fibres are well spaced. Transverse striations are clearly 

present and the nuclei have not yet achieved their flattened and contracted 

adult shape. There is still a small amount of fat body surrounding each 

fasciculus of dl1. 

120 - 126 hours pupa 

All three dl muscles occupy their characteristic shapes and positions. 

The individual fibres are becoming more rounded. There is a small and 

decreasing amount of fat body tn the vicinity of these three muscles 
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( see Figure 1^g)• 

Ikk - 150 hours pupa 

The individual fibre diameter and volume of d!1 as a whole are 

continuing to increase. There is no fat body left between the five fasciculae 

of dll. 

152 - 160 hours pupa 

The definitive diameter of the fibres and volume of dll as a whole 

has been achieved. In longitudinal section the nuclei are seen as elongated 

bodies which are aligned in rows and spaced evenly apart with about one 

nucleus distance between neighbouring nuclei. 

168 hours pupa 

The adult condition has been achieved. 

From the 72 hour stage onwards the number of nuclei surrounding each 

fibre of dll remains constant at approximately seven in any one cross section. 

However, while the nuclei cease increasing in number and size the fibres are 

seen to undergo a massive increase in diameter so that the volume of the 

individual fibres and of the muscle as a whole increases. From the 72 hour 

stage the diameter of the fibre increases until the Ikk hour stage when this 

process levels off ( see Figure 17). At this stage the muscles have reached 

the size they will have in the adult moth. The nuclei are flattened entities 

which lie in rows^and are almost always peripherally located. The fat body, 

which was originally the dominant tissue type in the thorax, becomes 

progressively more reduced and finally localised as small bundles of tissue 

lying in the vicinity of the central nervous system and dorsally in the 

region of the d13 muscle. As already noted, d12 and dl3 develop more slowly 

than dll. 
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k.S' DISCUSSION 

lt is recognised that this study is limited by the fact that it has been 

almost entirely carried out at the level of the light microscope. Thus it 

deals more with a description of the processes involved than it does with 

resolving the mechanisms by which these processes take place. However, a 

number of points arose which need further discussion. 

Type of development 

In the introduction to this section it was noted that insect indirect 

flight muscles may develop in a number of ways. From this study it is clear 

that the development of the mesothoracic dorsolongitudinal muscles in GaVlevia 

is similar to that described for other l.epidopteran species (Hufnagel, 1918; 

Eigenmann, 19&5; Basler, 19&9) and basically fits within Type IV of Hinton's 

(1959 ) scheme; that is, the adult muscle develops from incipent myoblasts 

contained within the larval muscle. However, as in Galleria, a discrepancy 

wrth respect to the precise origin of the myoblasts was noted. Hufnagel (1918) 

described two types of nuclei in the larval muscle of Yponomeuta; small adult 

nuclei and large larval nuclei. Similarly Hinton refers to small imaginal 

nuclei. However for Galleria, in all but the final sequence of development 

of the last larval instar, the muscles appeared to contain one type of nucleus. 

These nuclei were small and elongate and located both on the periphery and in tl 

body of the muscle. In the last stages of the larva these nuclei appear to 

enlarge and to force the larval muscle apart into strands of tissue. Up until 

the early stage k larva, the nuclei, which are presumptive myoblasts, do not 

appear to contain any individual cytoplasm but rather appear as part of the 

larval muscle. After this stage individual presumptive myoblast cells are seen. 

These contain little cytoplasm and have a relatively large nucleus. Such 

transforming nuclei are seen both at the periphery and within each transforming 

muscle. 

In vertebrate studies of myogenesis, particularly in relation to regenerat< 

muscle, there is much controversy over the origin of the presumptive myoblasts 
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which will increase in number and fuse to form the regenerated muscle. 

Accordingto Holtzer (1970) the nuclei of the myofibre are terminally differ

entiated and cannot dedifferentiate to provide precursors for a new muscle 

fibre. The cells which will become the regenerated muscle are the mono-

nucleated satellite cells which are located beneath the basement lamina of 

the muscle. Hay (1970) has argued that for amphibian regeneration there are 

not enough of the small satellite cells present in the muscle to provide 

for the number of cells seen shortly after injury. 

From this study it appears that nuclei which are indistinguishable from 

nuclei found in the fifth instar larval muscle do dissociate from the 

larval muscle, assemble some cytoplasm around them and become the presumptive 

myoblasts. However, as stated, the ultrastructural investigations were very 

preliminary ones and it is still possible that some of the n nuclei11 seen 

at the level of the light microscope are in fact presumptive myoblasts 

containing a large nucleus and very little cytoplasm. 

Around the time of metamorphosis the presumptive myoblasts divide and 

increase in size while the larval tissue is broken down. Hufnagel (1918) 

and Finlayson (1975) refer to a fusion of myoblasts with strands of remaining 

larval tissue to form the fibres of the adult muscle. According to Hufnagel 

the strands of larval tissue are formed when the small, developing, imaginal 

myoblasts grow between the fibrils of the larval muscle and bring about the 

dislocation as columns or strands of larval tissue. However, in Galleria, 

it appears that all of the larval tissue disappears and the myoblasts align 

themselves and fuse to form fibres which are derived solely from these 

developing cells. This situation is similar to that described by 

Eigenmann (1965) and Nuesch (1968). 



(5*0 

Role of the haemocytes 

Insect phagocytes are known to engulf fragments of broken or degenerating 

tissue ( Salt, 1970)• As noted in the preceding sect ion,however, the larval 

tissue in the transforming muscle has largely disappeared before the greatest 

number of haemocytes is seen, and haemocytes were never seen in intimate 

association with the internal substance of such transforming muscles. 

However they were observed to lie in close association with the connective 

tissue surrounding the larval muscle. At the Zh hour stage numerous haemocytes 

were seen to be arranged along the length of the developing dorsolong?tudinal 

flight muscles. Also it was noted that in this region 

the haemocytes stained blue rather than the normal pink colour of similar 

free floating haemocytes. The blue colouration of these haemocytes was similar 

to that of the blue staining connective tissue v sheath of the muscle. 

Similarly, the neural lamella, or connective tissue sheath surrounding the 

central nervous system, also stains blue and at the 2k hour stage its substance 

is surrounded by, and interleaved with, similar blue coloured haemocytes. 

Ashhurst and Richards (196*0, describing the breakdown of the larval neural 

lamella and the reformation of the adult neural lamella in Galleria, 

observed the presence of adipohaemocytes and conjectured a role for these 

cells in breaking down or removing the larval lamella. Pipa &nd Woolever (1965a 

obtained direct evidence for the phagocytic activity of the adipohaemocytes 

since fibrils identical with those of the neural lamella are seen within the 

adipohaemocytes after the disappearance of the neural lamella. 

Ashhurst (1968) points out that histochemical studies have indicated 

that the basement lamina of the sarcolemma contains neutral polysaccharides 

which are similar to those contained in the neural lamella. Mallory's Triple 

Stain is known to stain connective tissue blue ( Humason, 1961)• Thus it seems 

possible that the blue coloured adipohaemocytes in the region of the connective 

tissue sheath of the metamorphosing muscle have a role in the phagocytosing 
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of the connective tissue which surrounds the larval muscle, although they do 

not apparently take part in the breakdown of the larval muscle. 

One function of the connective tissue sheath is to provide support for 

the tissue contained by it (Ashhurst, 1968). The larval muscles, however, like 

the larval nervous system, transform to become larger organs than they previousl 

were. Also, in the case of the muscle at least, six separate muscles go to 

make up one dorsolongitudinal flight muscle (dll) so that the supporting and 

confining role of the connective tissue sheath around individual larval muscles 

is no longer necessary. Ashhurst (1968) states that the larval neural lamella 

in Galleria is broken down immediately after pupation to allow the reorganisatio 

of the nervous system to take place. Similarly, Whitten (1962) found that the 

system of continuous and investing membranes of larval muscles in Sarcophaga 

is removed so that the adult tissues can be formed. In Sarcophaga^ like Galleria 

the larval muscles degenerate rapidly at the start of pupation, leaving the 

connective tissue sheath intact for a short time before they are removed. 

Although the above mentioned blue adipohaemocytes only become apparent in 

the region of the muscle at the 2k hour stage, it seems likely that the cells 

actually begin their involvement in the phagocytosis of the muscle basement 

lamina from at least the 12 hour stage, when the disappearance of this 

connective tissue sheath from between the fusing muscles was first observed. 

From this study it is not possible to conjecture what mechanism is involved 

in the disappearance of the larval muscle tissue other than to say it is not 

phagocytosis. Crossley (1972) made a similar statement concerning the breakdown 

process of transforming muscles in Calliphora. Lockshin (1969) commented that th 

intersegmental muscles in Saturniid moths are broken down by cytolysis brought 

about through the intervention of lysosomes contained within the viable muscle 

t issue. 
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Attachment of muscle to epidermis 

In the Introduction to this section mention was made of the observation 

by Sahota and Beckel (1967a) thatthe Indirect fiight muscles In Gallevia 

arise as independent groups of myoblasts without larval precursors. In the 

course of this study they further noted that in early stages of development 

( pupa younger than 3 hours ) the myoblasts which form the flight muscles 

have not as yet attached to their respective epidermis. 

This study does not confirm these observations, lt rather emphasises 

the fact that the plan or blueprint for the incipient adult insect is laid 

down long before the advent of the pupa with the development of the larval 

muscle system. The three mesothoracic dorsolongitudinal muscles are each 

derived from larval muscles which occupy approximately the same position in 

the larva as they will occupy in the future adult. This observation does not 

deny the supposition that the epidermis has an orientating influence on the 

growing dorsolongitudinal muscle. Sahota and Beckel (1967a) noted that if the 

part of the epidermis to which the future indirect flight muscle would 

attacji was disoriented or removed then the developing muscle lost its 

orientation and did not develop to occupy its normal positloh. This fact argues 

for a direct role of the epidermis in determining the alignment of the 

indirect flight muscles as Sahota and Beckel observed. Similarly it argues 

against any remaining larval tissue having a role as a contact guidance 

substrate for the growing adult myoblasts. However, this point needs to be 

confirmed by an ultrastructural investigation of the components of the 

developing system. 

A connection with the epidermis is seen from the beginning of the transiti 

from larval to adult muscle. This connection may be very tenuous and by way 

of few strands of cytoplasm, but it does exist. Each muscle fibre comes to 

be anchored onto a group of epidermal cells and, as discussed earlier, it 
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is hypothesised that the growth and migration of these cells provides 

the mechanism by which the dorsolongitudinal muscles obtain their adult form. 

Hinton (1961 ) showed that a change in orientation of developing flight 

muscles in Simulium was brought about by the differential growth of the 

epidermis which caused the epidermal cells to move and the ends of developing 

flight muscle: to move passively along with the epidermis to which they 

are attached. 

Types of larval-adult muscle transition 

Hufnagel(1918) observed that in Yponomeuta padella the muscles of the 

larva which wi 1lcontribute to those of the adult do not all develop 

in the same way or at the same time. He classified the thoracic muscles 

into two kinds: muscles of later development ( muscles which did not ?transform 

until the appearance of the pupa), and muscles of early development^ muscles 

which began their transformation during the prepupal stage). Hufnagel stated 

that the indirect flight muscles were made 'up of muscles of the second 

category while the smaller direct flight muscles came from within the first 

category. 

In section k.k it was seen that a general examination shows most 

of the larval muscles to be in a process of transformation at the 0 hours 

pupal stage . lt appears therefore that most of the larval muscles do have 

a role both as larval muscles and in contributing material to the adult. 

The mesothoracic dorsolongitudinal muscle in Galleria is made up of 

larval muscles which transform at different times and in different ways. 

DU is made up of larval muscles 1 ,2,7,8,(10),11 and \h ; dl2 is made up of 

larval muscle 16; and d13 is made up of larval muscle 3. Muscles 16 and 

9 retain their larval characteristics until after the appearance of the pupa 

when they begin their transformation to dl2 and d 13 respectively. D U , which 

forms the major part of the dorsolongitudinal flight apparatus begins its 
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overt life in the later stages of the last larval instar with the transformation 

of the larval muscles 7,11 and 14. These three larval muscles contribute 

most substance towards the adult muscle. Muscles 1,2 and 8 also contain 

a few of the imaginal nuclei. However they do not undergo the remarkable 

growth and transformation of the other three muscles. Instead they become 

diminished. Muscles 1 and 2 contribute a narrow band of myoblasts to the 

inner margin of the growing d!1 while muscle 8 is overgrown by muscle 7. 

Thus while muscles 7,11 and lA fit into Hufnagel's category of early 

developing muscles, muscles 1,2 and 8 fall into the first category, so that 

the indirect dorsolongitudinal flight muscle is made up of larval constituents 

from both categories. 

lt was also observed that the muscles 3,^,5 and6 , which probably 

become the small direct flight muscles, fit into the category of later 

developing muscles paralleling HufnagePs observations. 

Myoblast proliferation and growth of the myofibre 

Smith (1967) commented that skeletal muscles consist of straightforward 

cells which may be mono- or multinucleate, the latter condition arising from 

the fusion of myoblasts at an early developmental stage. However both 

Hufnagel (1918) and Eigenmann (l965) wrote about " amitotic11 cell division 

in the muscle fibres of the moths which they were studying, lt appears 

that in these insects the myoblasts proliferate as {a. result of mitotic 

divisions of the cells until the stage at which myoblast fusion occurs. 

From this point onwards nuclear proliferation is the result of amitotic 

division rather than mitotic division. The amitotic division described 

by these authors involves the budding off of new nuclei from large existing 

nuclei without the typical arrangement of the chromatin seen in a mitotic 

division. Moreover these divisions did not involve the whole cell but only 
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the nuclei of multinucleate fibres. 

lt is difficult to find clear information about this amitotic process. 

Bucher (1963) commented that the term was poorly chosen M for it means only 

that the process is not mitotic11. No evidence of such amitotic divisions 

was found in the development of the dorsolongitudinal flight muscles of 

Galleria. Mitoses of the myoblasts were seen up until the 72 hour stage 

when the developmental emphasis changes from mainly being concerned with 

the proliferation of myoblasts to the growth of fibres. In section k.h 

it was noted that myoblasts begin to fuse at the 20 to 2b hour stage and 

that not all of the myoblasts fused at once. Free myoblasts continue to 

divide and to incorporate into the existing fibres. At the level of the 

light microscope the picture presented by the fibres and the incorporating 

myoblasts is a confusing one. Occasionally it appears that nuclei which are 

a part of the myofibre are still capable of division. These M nuclei11 lie 

on the periphery of the fibre but no distinction between nucleus and fibre 

can be made with the light microscope ( phase contrast 2000x). 

However any interpretation of nuclear division within the formed muscle 

fibre must be treated with extreme caution. Such mitotic divisions have 

never been seen in the vertebrate myotube either in vitro or in vivo 

(Holtzer, 1970'; Holtzer, et a K , 1972 ; Trotter, et al., 1976 ; Reznik, 1976) 

argued 
and are also against in the developing insect muscle ( Kurtti and Brooks, 1970; 

Crossley, 1972). Kurtti and Brooks (1970) cultured muscle cells from three 

lepidopteran species and found that once myotubes had been formed mitoses 

within the myotubes stoppedo However free myoblasts continued to divide. 

Crossley (1972) stated that in the newly formed muscle fibre of Calliphora 

there is no evidence that nuclei derived from either myoblasts or from 

larval muscle divide by mitosis or amitosis. 
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Preliminary ultrastructure studies showed that nuclei like those which 

appear to be part of developing myofibre in Galleria were in fact separate 

e ntities, or occasionally myoblasts in the process of fusing. However, 

closely aligned myoblasts containing mitotic figures were not found and 

it is not possible to make other than the generalised statement that although 

the dividing myoblast cell sometimes looks indistinguishable from tbe fibre 

using the light microscope such dividing cells always occur on the periphery 

of the fibre; and using the electron microscope similar cells are seen to 

be closely aligned to the myofibre but not part of it. 

Mechanism of myoblast incorporation 

The mechanism of myoblast incorporation was not extensively investigated 

and requires careful ultrastructural study. However it was observed that 

myoblasts which appeared to be incorporating into the myofibre were not 

necessarily lined up with their long axes parallel to that of the fibre. 

In some cases myoblasts were wrapped around the fibre so that the long axis 

of the myoblasts lay perpendicular to the long axis of the fibre; cf. 

Crossley (1972), who observed that in myoblast incorporation in Calliphora 

the long axis of the myoblast always lies parallel to the long axis of the 

myofibre. 



1 

FIGURE 11. Dorsal longitudinal muscles of 
the larval mesothorax. 

A - D. show successively deeper 
lying muscles. 

LT * lateral tracheal branch 
T2G = mesothoracic ganglion 
MDL = mid dorsal line 

Numbers refer to the dorsal larval 
muscles. 
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FIGURE 12. Muscle changes during metamorphosis, 

A. Two dorsal muscles of the last instar larva (x250). 

B. Muscle 7 in Stage 3 last instar larva (x250)• 

C. Presumptive myoblasts from Stage k last instar larva (x3000). 

D. Myoblasts from 10 hours pupa (x2500). 

E. Developing myofibres from 27 hours pupa (x2500). 

F. Developing myofibres from 22 hours pupa (x2500). 

G. Developing myofibres from kB hours pupa (x2000). 

H. 2dl1 fibres from 60 - 72 hours pupa (xl800). 

I. 2dl1 fibres from 82 - 87 hours pupa (x600). 
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FIGURE 13. A, Transverse section of dorsal muscles 
of mesothorax of last instar larva (x110). 

fb = fat body 

B. Transverse section of transforming 
muscles In Stage 3 last instar larva (x210). 

C. Transverse section of transforming 
muscles in 0 hours pupa ( x200). 

D. Transverse section of developing 2d 1 
muscles of 12 hours pupa (xl80). 
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FIGURE 1^. A, Longitudinal section of developing 2d 11 
and 2dl2 muscles of 21i - 2 H hours pupa (x80). 

B. Transverse section of developing 2d 11 muscle 
of 25i - 27i hours pupa ( x55). 

C. Transverse section of developing 2d 11 muscle 
of 32 - 3^ hours pupa (x55)• Arrows show 
external demarcation of 2d 11 fasciculae. 

D. Transverse section of developing 2d 11 muscle 
of 36 - 38 hours pupa (x55). 

E. Transverse section of developing 2d 11 muscle 
of 60 - 72 hours pupa (x55). 

F. Transverse section of developing 2d 11 muscle 
of 82 - 87 hours pupa (x55)• 

G. Transverse section of developing 2d 11 muscle 
of 120 - 126 hours pupa (x55). 
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FIGURE 15. A. Electron micrograph of nucleus from muscle 7 
of last instar larva.(x25,000). 

B. Electron micrograph of nucleus from muscle 7 
of last instar larva (x35,000). 
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FIGURE 16. A. Electron micrograph of nucleus from muscle 7 
of last Instar larva (x35,000). 

bl = basement lamina 
nm = nuclear membrane 
n = nucleus 

B. Electron micrograph showing myoblast and closely 
adjoining myofibre In 55 " 64 hours pupa (x33,000) 

m = mitochondrion 
mb = myoblast 
mf = myofibre 
n = nucleus 

i 
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FIGURE 17. INCREASE IN FIBRE DIAMETER WITH TIME. 
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PART II. 

THE INFLUENCE OF THE LARVAL AND PUPAL NERVOUS 

SYSTEMS ON THE DEVELOPING MESOTHORACIC DORSOLONGITUDINAL 

MUSCLES OF THE WAXMOTH. 

(CHAPTERS 5 TO 8) 
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INTRODUCTION TO PART II, 

The first realisation that insect nerves may exert some kind of control 

over muscle development came as the result of work by Kopec (l923) who 

discovered that by excising the entire thoracic nervous system from thb 

pupa of the moth, Lymantria dispar, an adult lacking thoracic musculature 

could be obtained. In such denervated moths the thorax was filled with fat 

body* Kopec's experiments were repeated by Williams and Schneidermann (1952) 

who reported similar result for the moths Antheraea polyphemus and 

Hyalophora cecropia. 

The work done by these two has been elaborated by a group of scientists 

lead by Nuesch, working on two moths 9 Antheraea polyphemus and A. pernyi. 

First it was noted that if the thoracic ganglia are removed from the thorax 

of the diapausing pupa then the resulting adult has only thin strands of muscle 

in the place where the large muscle should be ( Nuesch, 1952). An examination 

of the course of development of the denervated muscle anlagen revealed that 

the anlagen continues to develop as normal until the stage at which the 

myoblasts have fused to form the strings of cells which will become the adult 

muscle fibres ( Basler, 1969; Nuesch and Bienz-Isler, 1972). Thus, up until 

the eighth day of adult development the myoblasts continue to proliferate 

mitotically without the presence of their corresponding nervous influence. 

After this stage, however, development in the denervated anlagen proceeds 

very slowly resulting in the presence of a small number of thin but cross-

striated muscle fibres. The diameter of these fibres is about 10 to 25 % 

that of normal fibres ( Nuesch, 1952,1957). lt is hypothesised that 

denervation alters the cytoplasm so that multiplication of the nuclei by 

polyamitosis within the fibre anlagen is suppressed ( Nuesch and 

Bienz-lsler, 1972). This results in slow differentiation and little 

amplification of the muscle substance. Nuesch (1957) showed that severing 
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individual nerves resulted in the abnormal development of particular 

muscles. In a further series of experiments, Basler (1969) showed that the 

denervation of muscle anlagen at varying stages after the onset of adult 

development lead to adult muscles which were more or less affected depending 

on the time of denervation: the later the denervation the more developed 

the resulting muscle. 

No other insect group has received as much attention in this respect 

as the Lepidoptera. The hemimetabolous insect Veriplaneta americana was 

studied by Nuesch and Teutsch ( 1968, quoted by Nuesch, 1968 and 

Finlayson, 1975 ) . In this insect, the muscles present in the first 

instar increase in size throughout the life of the insect by the addition 

of fibres. The denervation in an early instar leads to the delayed developsndnt 

of the insect but has no effect on the number of fibres present in the adult. 

However a cross-sectional area of the muscle is affected ( an animal denervated 

prior to the last instar shows a more marked reduction in muscle volume than 

an animal denervated at the adult stage). A further difference from the 

lepidopteran studies was that not only were the muscles on the operated 

side affected but also those on the unoperated side were found to have stopped 

growing or regressed. Further, muscle development in other segments was 

affected ( such muscles sometimes grow larger than normal, supposedly, as 

a compensatory reaction to the loss of function in the denervated muscles). 

On the other hand, Crossley (1965) studied the transformation of certain 

abdominal intersegmental muscles in the blowfly,, Calliphora, and discovered that 

denervation did not alter the course of events. 

The aims of this section are: 

1) To investigate the influence of the nervous system of the last larval instar 

on the development of the mesothoracic indirect flight muscle in Galleria. 

2) To investigate the effect of denervating the developing adult muscle at 

various stages of its development. 



(63) 

CHAPTER 5. THE INFLUENCE OF THE LARVAL NERVOUS SYSTEM ON THE 

ADULT MESOTHORACIC DORSOLONGITUDINAL MUSCLE. 

5.1 INTRODUCTIONo 

lt was noted in Chapter h that part of the dorsolongitudinal flight 

apparatus begins its development in the late last larval instar when some 

of the larval muscles break down and small incipient myoblasts contained 

within them begin to increase in number. For this reason there seemed to 

be an advantage in denervating the animal at the larval stage rather than in 

the pupal when the first phase, at least, of muscle development may already have 

been subject to nervous influence. 

The thoracic nervous system of the adult Galleria mellonella consists of 

two major ganglia , one of which ( designated the anterior ganglion) lies 

within the prothorax while the other ( designated the composite gapglion) is 

situated mainly within the anterior part of the mesothorax. As noted by 

Pipa (1963) and Ashhurst and Richards (196*0 five larval ganglia contribute 

towards these two adult thoracic ganglia. They are the three thoracic 

and first two abdominal ganglia. One day prior to metamorphosis the 

intergangl ionic connectives begin to shorten. This shortening of the 

connectives is believed to come about through the contraction of the 

glial cells ( Pipa and Woolever, 196**, 1965; Pipa, 1967). The meso- and 

metathoracic ganglia become contiguous and the metathoracic and first two 

abdominal ganglia fuse. This process is completed about two days after the 

appearance of the pupa (Pipa, 1963). Thus the ganglion which lies in the 

adult prothorax is derived from the prothoracic ganglion of the larva while 

the more posterior ganglion has a composite origin. Any investigation of 

nerve..influence on muscle development thus involves an investigation of 

the contribution of the anterior five larval ganglia on the adult thoracic 

nervous system. 
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There is a disadvantage in working with the larval .nervous system. 

Previous workers have investigated the factors affecting metamorphosis 

in Galleria mellonella ( Edwatids ,1966; Sehnal and Edwards, 1969; 

Alexander, 1970; Beck, 1970; Woolever and Pipa, 1970; Pipa, 1971). 

lt has been found that section of the ventral nerve cord ( especially below 

the level of the third thoracic ganglion) or removal of such ganglia leads 

to the delayed -development of the pupal stage and sometimes to arrested 

development ( Edwards, 1966; Alexander, 1970; Beck, 1970). Furthermore larvae 

which have the ventral ganglia removed or the nerve cord sectioned become 

passive ( Dauer larvae ) and no longer feed. Thus it is not feasible to 

remove ganglia or to section the nerve cord in animals younger than the 

post-feeding last instar larva. However, since in every operation there is 

a certain percentage of animals which do manage to pupate successfully, 

and since no obvious changes occur in the potential adult muscle until late 

in the last instar, it was considered worthwhile to proceed with an investigation 

of the role of the three thoracic and first two abdominal ganglia of the larva. 

5.2 METHODS. 

In a series of experiments, post-feeding, wandering last instar larvae 

were treated by the destruction of one of five ganglia or by section of the 

nerve cord at one of several levels. Destruction of the ganglia was achieved 

using an electrically heated microcautery apparatus. This consisted of a 

steel needle heated by a small tungsten element. The heating coil was 

spirally wound around the needle leaving h mm. at the point clear. The 

needle and element were mounted on a head which consisted of a small 

polarised two-pin subminiature socket. This socket fitted into a corresponding 

two-pin plug which was fastened to the end of a small diameter plastic tube. 

The cautery was switched on and off using a small microswitch which was 

positioned at the head end of the tube. The power lead left the other end 
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of the tube. The cautery could be powered from an adjustable low voltage 

microscope lamp supply, lt was designed to work at a nominal voltage of 

approximately 3 volts and to consume 6 to 7 watts. 

Operated animals were usually anaesthetised by immersing them for 10 to 

20 minutes in cold water. In the case of the nerve cord section experiments 

the animals were not anaesthetised. The operations were carried out under 

a dissecting microscope. In the cautery experiments the animals were 

punctured at the level of the ganglion under investigation and subjected to 

cautery for 10 to 15 seconds. They were then placed in plastic petri 

dishes lined with filter paper ( 10 to 20 animals per comtainer) and returned 

to the incubator. Wounds were not treated in any way. At the end of the first 

day, when the larvae had recovered, the filter paper was changed and any 

obviously unhealthy larvae were removed. Thereafter the animals were 

checked at least twice per week, a record was made of the developmental 

state of each animal and any dead animals were removed. In the nerve cord 

section experiments microscissors were used to cut through the ventral nerve 

cord. Under a bright light the ventral nerve cord can be seen with the 

aid of a dissecting microscope.. A small cut was made in the desired place 

and the nerve cord was sectioned. Thereafter the animals were treated as 

in the cautery experiments. For each of the experimental treatments four 

or five larvae were removed after five days and dissected to determine 

whether the operation had been successful. 

In the five cauterisation experiments animals were treated by the 

destruction of one of five ganglia ( first thoracic, second thoracic, 

third thoracic, first abdominal,or second abdominal ganglion). Figure 18 

shows the position of the ganglia in the larva. For the first four ganglia two 

°r three runs were made for each ganglion, while one run was made for the 

cautery of the second abdominal ganglion. Numbers in each run varied 



(66) 

from 30 to 200 larvae. Larger numbers of subjects were used for gangl ia 

which proved to have a critical effect on mesothoracic muscle development. 

In the nerve cord section experiments the animals were sectioned at the levels 

T1/T2, T2/T3, T3/A1, and A1/A2. **0 to 100 animals were used for each 

treatment. 

Three sets of controls were used: 

(a) Untreated post-feeding wandering larvae were place in petri dishes 

lined with filter paper ( 10 to 20 specimens per dish) and checked at least 

twice per week. Emergence times of moths were noted. 

(b) Post-feeding wandering larvae were treated exactly as in the cauterisation 

experiments except that a lateral or dorsal cautery was made instead of 

cauterising at the level of the central nervous system. 

(c) Post-feeding wandering larvae were treated exactly as in the nerve 

cord section experiments except that a small lateral or dorsal incision 

was made instead of sectioning the nerve cord itself. 

Resulting moths from each treatment were examined for their external 

characteristics and then fixed by injecting them with Bouin's solution. 

Where possible several animals from each experimental run were subjected to the 

same histological treatment as outlined in Chapter 2. The remainder were 

split sagittally and dissected out, any variations from the normal condition 

of the adult pterothoracic nerve and muscle systems being noted. Special 

attention was paid to any abnormalities of the mesothoracic dorsolongitudinal 

musculature. 



Table a . 

jOperation 

summary of r e su l t s of the l a rva l denervation experiments< 

no. 
dissected Results 

no. 
sectioned Results Control r e su l t s 

T1Cr (c) 14 2612y 2dl3 and the ventral part of 
2dl1 absent. Dorsal cluster of 2dl1 
fibres present, but not divided into 
fasciculae. 
Composite ganglion lies posterior to 
normal position. Sensory nerves from 
first wing enter directly into antei> 
ior of composite ganglion. 

In 4 animals single dl1 
cluster present. Fibres 
normal in appearance, 
diameter = 55/^ ; 90 
fibres total. 
In one animal 2dl1 dor
sal fibre cluster divid-
ed into 2 fasciculae. 
Remaining pterothoracic 
musculature normal. 

Animals normal with 
respect to skeletal, 
muscle and nervous 
systems. 

T2G (c) 103 89*3/^ had 2dl muscles all present, 
3dl muscles all absent, remaining 
mesothoracie musculature all or 
mostly absent, and remaining meta-
thoracic musculature present. 
7<fing nerve entered posterior of an
terior ganglion in 94«2/o of animals. 

In 2 animals all three As above« 
2dl muscles present but 
2dl1 d and e not diffei> 
entiated from each other. 
Other mesothoracie musc
les not present. 
In 2 animals, no mesothp^ 
acic muscles present 
except a few ventral 
fibres. Rest of mesothorax 
filled with fat body. 

?3C (c) Mesothoracic muscles present. 
3dl muscles present. Other meta-
thoracic muscles absent. Sensory 
nerves from second wing enter 
mesothoracie ganglion. 

No results. As above* 



A1G (c) 16 Thoracic nervous system and 
muscles appear normal. 

Tl//?2 (S) 13 2dl2, 2dl3 and ventral 2dl1 
missing in 7 animals. 
In 6 animals all mesothoracic 
muscles present. 

T2//T3 (s) 7 Mesothoracic musculature normal. 
3dl absent in 6 animals,present 
on one side of 7th. 

Notes: 

(c) = cauterised. 

(s) = connectives sectioned. 

No results. 

Results similar to 
T1G cauterised (see 
above). 

No results. 

As above. 

As above. 

As above. 

ON 

oo 
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5.3 RESULTS. 

The results for this section are summarised in Table 3. 

5.3.1 CAUTERISATION OF GANGLIA. 

5.3.1.1 THE FIRST THORACIC GANGLION ( T1G ) CAUTERISED. 

Table k. First thoracic ganglion cauterised: summary of results. 

SERIES 1 SERIES 2 CONTROL X CONTROL 
Number, % of animals 
operated on. 30 100% 200 100% 50 100% 20 1 

Dead larvae \k hi.0 13^ 68.0 11 22.0 0 
Abortive pupae 
Dead pupae 
Adults 
Live larvae remaining 
Larvae dissected out 
Unaccounted for 

1 
6 
5 
0 
3 
1 

3.3 
20.0 
16. h 
0 
10.0 
3.3 

27 
15 
\k 
3 
5 
1 

13.5 
7.5 
7.0 
1.5 
2.5 
0.5 

k 
9 
19 
7 
0 
7 

8.0 
18.0 
38.0 
H».0 
0 
U . O 

0 
1 

19 
0 
0 
0 

0 
5.0 

95.0 
0 
0 
0 

Control = untreated last instar larvae. 
Control X = experimental controls ( animal cauterised). 

Larvae from Series 1 and ? which were dissected out to determine the 

success of the operation, showed in each case an area of blackened tissue 

of approximately 1mm. diameter in the region of the cautery. The tissue 

here was found to be disrupted with no sign of any discrete first thoracic 

ganglion remaining. The connectives to the suboesophageal ganglion and to 

the second thoracic ganglion were found to be either retracted towards the 

parent ganglion or fused into the cauterised area. Outside the cauterised 

area the larval tissue appeared healthy and normal. After the operation 

the experimental animals moved very little by comparison with the experimental 

controls which wandered freely as do normal larvae at the same stage. There 

were some initial curling and uncurling movements of the abdominal segments 
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but after the first day the larvae were passive. The animals would respond to 

touch with similar abdominal contractions even after ^0 days had elapsed and 

they righted themselves if they were turned over. No spinning occurred 

during the first five to six days but after this time a few signs of spinning 

were seen in all of the petri dishes. This spinning was not organised but 

occurred in small tight clumps of silk. In no case did an experimental:animal 

construct a cocoon. In the experimental controls, however, larval behaviour 

was normal and the control animals usually pupated inside of the cocoons. 

The operated larva undergoes one of four fates: 

1) lt may die without developing any further. 

k"J% of animals from ^Series 1 and 68% of animals from Series 2 died 

without proceeding any further with development. While over 50% of larval 

deaths occur within the first 1*f days, larvae may persist for a long time 

before eventually dying ( in one experiment, where the first abdominal ganglion 

was cauterised, larvae were still alive and responsive to touch after 72 days; 

they became smaller and darker in colour with time, weighing 50 mg. compared 

to a normal 190 mg. of the normal wandering last instar larva). 

2) lt may become an abortive pupa. 

An abortive pupa is defined as a last instar larva which moults imperfectly 

to form an animal having both larval and pupal characteristics. In most 

cases the animal was not able to leave its larval skin so that the wings and 

legs did not evert properly but had a stunted, contracted appearance. The 

resulting animal looked generally larval in the anterior region while dorsally 

and posteriorly it resembled a pupa, lt was tanned dorsally along the length 

of the body and in the prothoracic region but did not develop normal pupal shape, 

probably due to the continued presence of the larval cuticle. Similar animals 

were described by Edwards (1966). Such abortive pupae lived for one or two 

days but seldom longer. None completed the instar. 3.3% of animals from 

Series 1 and 13.5 % from Series 2 were seen to have met this fate. 
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3) lt may pupate correctly but die before completely adult development. 

Such pupae do not usually have a normal appearance. The anterior ventral 

thoracic region was deformed and there was often a gap covered by a thin sheet 

of untanned cuticle in the region of the first legs. One (the first) or both 

pairs of wings were usually shorter and irregular in form. The more deformed 

the pupa the shorter its life span. Such animals usually became dehydrated. 

20% of the animals from Series 1 and 7.5% from Series 2 fell into this category. 

*0 It may pupate correctly and develop successfully through the adult stage. 

The resulting pupae looked similar to those obtained in the previous 

category in that there was some deformation of the thoracic region. However 

this deformation was usually not so serious. Pupal development took longer 

than for normal animals ( approximately 10 days for the operated animals vs. 

7 to 8 days for the untreated control). In most cases the resulting moth 

was unable to free itself from the pupal cuticle. The moth had a healthy 

external appearance. However, the first thoracic legs and all or part of 

the poststernum were usually missing with the pleuron infolding into the 

remaining sternum in a complex manner. Both pairs of wings were usually 

movable but the animal was not capable of normal flight. The wings were 

only partially expanded and were approximately half of the normal length. 

The second and third legs had normal movement and the animal was able to 

maintain a relatively normal posture. 

Dissection results 

1H moths were dissected to determine the effects of cauterising the 

first thoracic ganglion on the adult pterothoracic musculature. In each 

case the first thoracic segment was disorganised and it was difficult to 

interpret the situation in this segment because of the extreme deformation 

of the sternal area. There was no trace of the first thoracic ganglion. 

The composite pterothoracic ganglion was situated posterior to its normal position 

and lay between the meso- and metathoracic segments. No vestige of the 
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two connectives which normally lead to the first thoracic ganglion was 

left, the big sensory nerves from the first wings which normally enter the 

connectives just anterior to the connection with the composite ganglion on 

each side, now entered directly into the anterior end of the composite 

ganglion. In one case the second thoracic ganglion ( anterior part of the 

composite ganglion) was also partially destroyed. 

In all of the experimental animals 2d 12,2dl3 and the ventral section of 

2d 11 were absent. In the place of these muscles there was a soft white 

tissue which resembled the fat body found in the abdominal region of the adult 

moth. The dorsal part of 2d11 was present although it did not appear to be 

divided into fasciculae. The remaining mesothoracic musculature was present 

and normal in appearance. The metathoracic musculature also appeared to be 

normal. The experimental controls were normal with respect to their skeletal, 

nerve and muscle systems. 

Histology 

Five animals were sectioned. The dissection results were confirmed. 

An investigation of the two pterothoracic segments showed that in h of the 

5 animals the mesothoracic musculature was affected in that only one fasciculus 

of 2dll was present on each side. This fasciculus was probably a mixture 

of fasciculae c,d and e ( see Chapter 6). The number of fibres in each dl1 

bundle was approximately 90 in each case, by comparison with 300 for the 

normal 2d 11 muscle. These fibres appeared normal in cross section. The lower 

part of the dorsal mesothoracic area which is normally occupied by 2d 11 and 

the area which is normally occupied by 2dl2 and 2dl3 was filled with fat body. 

No sign of the missing muscles could be found. The remainder of the pterothorax 

appeared to be normal ( see Figure 19a). In the fifth animal the 2d 11 muscle 

was represented by two fasciculae on each side. 
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5.3.1.2 THE SECOND THORACIC GANGLION ( T2G ) CAUTERISED. 

Table 5. Second thoracic ganglion cauterised: summary of results. 

SERIES 1 SERIES 2 CONTROL CONTROL X * 

Number, % of animals 
operated on. 200 100% 95 100% 20 100% 20 100% 

11 55 

Dead larvae 
Abortive pupae 
Dead pupae 
Adults 
Live larvae 
Larvae dissected out 
Unaccounted for 

34 
36 
57 
66 
1 
5 
1 

17 
18 
28.5 
33 
0.5 
2.5 
0.5 

16 
11 
13 
41 
2 
5 
7 

16.8 
11.6 

13.7 
43.1 
2.1 
5.3 
7.4 

0 
0 
1 
19 
0 
0 
0 

0 
0 
5 
95 
0 
0 
0 

* Nine animals from Control X died, but the record of the categories 
( i.e., abortive pupae, dead pupae, etc. ) has been lost. 

The description of the animals which were dissected out after five 

days to determine the success of the operation is similar to that in the case 

of the first thoracic ganglion except for the position of the damaged area. 

The segments . in froint of the cautery were contracted slightly while those 

behind the cauterised segment were normal. There was no movement in the 

second thoracic legs but the first and third legs were responsive to touch. 

A small amount of spinning was again evident six days after the operation 

but it was discontinuous and disorganised. Behaviour of the operated animals 

was similar to that found in the previous experiment. The experimental 

animals had the same range of developmental options as the T1G cauterised 

animals except that the proportion of animals in each category was different. 

The order of increasing survivorship for the four categories ( dead 

larvae, abortive pupae, dead pupae and adults ) is reversed for this operation 

( see Table 5 ) with most of the animals in both experimental runs developing 

successfully to the adult stage. The pupae were deformed as in the previous 

experiment except that the deformed area was in the ventral region of 
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the mesothorax. The resulting moths were unable to free themselves and had 

no righting action once freed. The animals had a healthy external appearance 

except that they lacked mesothoracic legs and all or part of the mesosternum. 

Neither pair of wings expanded, and they were approximately half of their 

normal length. The second wings were capable of small vibrational movements. 

The first and third legs both had normal movements. The dorsum of the 

mesothorax was shortened and humped in appearance. 

Dissection results 

103 moths were dissected. In each case the mesothorax was badly deformed 

and the sternal region presented a confused picture. The remaining part of 

the composite ganglion was located in the metathoracic segment while the first 

thoracic ganglion was found anterior to its normal position in the prothorax. 

There was no continuity of the ventral nerve cord in this region. The 

mesothoracic segment possessed all of the dorsolongitudinal flight muscles in 

92 of the animals and lacked all or most of the dorsoventral muscles (including 

pleurodorsal and pleuroventral muscles). In 11 animals the mesothoracic 

dorsolongitudianl muscles were wholly or partially missing and in 9 of these 

animals part of the dorsoventral flight musculature was present. However 

the same muscles were not present in each of these animals. The dorsolongitud-

inal muscles of the metathorax were not present, but in allother respects 

the metathoracic musculature appeared normal. 

Of particular interest was the connection of the sensory nerve from the 

first wing with the central nervous system. As already stated,this normally 

enters the connectives between the two thoracic ganglia close to the connection 

to the composite ganglion ( see.Figure 2h in Chapter 10). In these moths the 

wing nerve was connected to the first thoracic ganglion through a devious 

connection, jhe wing nerve runs a looped course around the first furcasternum 

and the attached 1vl1 muscle to enter the posterior lateral aspect of the 
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anterior thoracic ganglion. In over half of the animals the connection 

between the wing nerve and the anterior ganglion was not by way of the normal 

thick nerve but through a very thin connection, lt was also noted that in 

many cases the wing nerve did not run its normal single direct course to 

the central nervous system but had one or more posteriorly running branches 

which left the main nerve close to its departure at the base of the wing. 

In one animal this posterior branch was the only part of the wing nerve found. 

In 6 animals no connection was found between the wing nerve and the anterior 

ganglion on one ( k -animals ) or both ( 2 animals) sides. The incoming 

nerve in these cases appeared to grow close to the anterior ganglion but 

did not connect with it. In these 6 animals the mesothoracic dorsolongitud-

inal muscles were missing on one or both sides. Thus, although 5 of the 

animals in whibh the dorsolongitudinal muscles were wholly or partially 

missing did possess the wing nerve-anterior ganglion connection, all 6 of 

the animals in which this connection was missing also lacked 2dl2, 2d 13 

and the ventral part of 2d11 on the corresponding side(s). Control animals 

were normal with respect to their nervous, muscle and skeletal systems. 

Histology 

Four animals were sectioned. In each case the second thoracic segment 

was almost devoid of musculature and instead contained fat body. In two 

cases the mesothoracic dorsolongitudinal muscles were also missing so that the 

entire mesothorax was filled with nothing but fat body except for a few small 

ventral muscles. In the other two animals the situation paralleled that of 

the majority of the dissections in that all three dorsolongitudinal muscles 

were present. The three dorsolongitudinal muscles appeared normal except 

that dll d and e were not differentiated from each other, that is, they 

appeared as one fasciculus and together contained less fibres than they 

normally woyld ( approximately 90 fibres by comparison with approximately 

130 fibres in the normal animal; see Figure 19b). 



(76) 

5.3.1.3 THE THIRD THORACIC GANGLION ( T3G ) CAUTERISED. 

Table 6. Third thoracic ganglion cauterised : summary of results. 

Series 1 Series 2 Series 3 Control X 

Number, % of animals 
operated on. 87 100% 100 100% 88 100% 30 100% 

Dead larvae 
Abortive pupae 
Dead pupae 
Adults 
Live larvae 
Larvae dissected out 
Unaccounted for 

65 
13 
5 
0 
2 
2 
0 

7^.7 
^h.3 
5.8 
0 
2.3 
2.3 
0 

A9 
30 
h 
2 
5 
5 
5 

9̂ 
30 
k 
2 
5 
5 
5 

kB 
11 
7 
3 
0 
5 
1i» 

5*».5 
12.5 
7.9 
3.A 
0 
5.7 
15.9 

3 
4 
4 
15 
0 
0 
k 

10 
13.3 
13.3 
50 
0 
0 
13.3 

Larvae dissected after five days to determine the success of the operation 

appeared similar to those from the previous experiment except that the injured 

area lay in the third thoracic segment. In two of the animals, however, 

the first abdominal ganglion, which ts situated close to the metathoracic 

ganglion of the larva, was also partially affected. The behaviour of 

experimental animals was similar to that obtained in the previous two 

experiments. The same range of developmental options as before was open 

to the larvae but unlike the previous experiments very few of the animals 

developed to the adult stage ( 0% in Series 1, 2% in Series 2, and 3.**% 

in Series 3)» The operated larvae gradually shrank and became very dark In 

colour before eventually dying. The pupae were again deformed, this time 

in the region of the ventral metathorax. However the whole thoracic region 

looked more normal than in the previous experiments. The area of the second 

wings was distorted and the third legs were deformed or missing. Resulting 

moths were able to free themselves from the pupal cuticle; however, both 

pairs of wings remained unexpanded. The ventral region of the metathorax 

was deformed with the metalegs and all or part of the metasternum being absent. 

There was some movement in both pairs of wings. 
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Dissection results 

Six animals were dissected ( one of these was obtained from an early 

unrecorded run). The first two thoracic segments were quite normal with 

respect to skeletal and muscle systems. The metathoracic segment was very 

distorted in the ventral region. The composite ganglion was positioned 

slightly anterior to its normal position and was about haltf of Its normal 

size. In one animal the operation appeared to have been unsuccessful since 

the animal was completely normal. Three animals possessed the metathoracic 

dorsolongitudinal muscles while two animals were completely lacking meta-

thoracic muscles. In two animals the ventral nerve cord was continuous 

although the composite ganglion was smaller than normal. In the remaining 

three animals the ventral nerve cord was discontinuous. The sensory nerves 

from the second wing entered directly into the posterior end of the reduced 

composite ganglion. The animals had an additional ganglion lying in the most 

abdominal segment/ This ganglion was slightly larger than the other abdominal 

ganglia. Control animals were found to be normal. 

No successful sections were obtained because the sections were too 

badly torn to determine accurately any features of the pterothorax. 

The experiment was not repeated since the larval metathoracic ganglion 

appeared to have no effect on the mesothoracic musculature. 
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5.3.1.^ THE FIRST ABDOMINAL GANGLION ( A1G ) CAUTERISED. 

Table 7. First abdominal ganglion cauterised : summary of results. 

SERIES 1 SERIES 2 SERIES 3 CONTROL X 

Number, % of animals 
operated on. 75 1001 50 100% 53 100% 17 100% 

Dead larvae 
Abortive pupae 
Dead pupae 
Adults 
Live larvae 
Larvae dissected out 
Unaccounted for 

2k 
22 
11 
10 
1 
5 
2 

ko 
29.3 
14.7 
13.3 
1.3 
6.7 
2.7 

36 
h 
1 
0 
7 
0 
2 

72 
8 
2 
0 

\k 
0 
k 

28 
5 
8 
6 
1 
k 
1 

52.8 

S.k 
15 
11.3 
1.9 
7.5 
1.9 

0 
0 
0 

]k 
0 
0 
3 

0 
0 
0 

82.4 
0 
0 
17.6 

The description of the dissected larvae and of the behaviour of the 

operated animals is similar to that of the previous experiments. 

Dissection results 

16 adults were dissected. The thoracic nervous and muscle systeips 

appeared normal. In most cases there was no continuity of the ventral nerve 

cord and the composite ganglion lay slightly forward of its normal position. 

The posterior half of the composite ganglion was slightly smaller than normal. 

In three animals this ganglion did not possess its normal waisted appearance. 

In two animals the ventral nerve cord was continuous but it contained a small 

extra ganglion (probably derived from the second abdominal ganglion of the 

larva) which lay between the second thoracic ganglion and the normally 

occurring first ganglion of the abdomen. 

5.3.1.5 THE SECOND ABDOMINAL GANGLION ( A2G ) CAUTERISED. 

In one experimental run 30 animals were operated on to give 15 dead 

larvae, 8 abortive pupae, 2 dead pupae, and r5 dissected larvae. 

No adults were obtained, lt was not considered worthwhile to repeat 

the experiment. 
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5.3.2 SECTION OF THE VENTRAL NERVE CORD. 

5.3.2.1 CONNECTIVES BETWEEN THE FIRST TWO THORACIC GANGLIA ( T1//T2 ) 

SEVERED. 

Table 8. Connectives between the first two thoracic ganglia severed: 
summary of results. 

SERIES 1 SERIES 2 SERIES 3 CONTROL X* 

Number, % of animals 
operated on. 81 100% kZ 100% 78 100% 3k 100% 

Dead larvae 
Abortive pupae 
Dead pupae 
Adults 
Live larvae 
Dissected larvae 
Unaccounted for 

31 
2k 
6 
18 
0 
2 
0 

38.2 
29.6 

7. k 
22.2 
0 
2.5 
0 

22 
7 
2 
3 
0 
3 
5 

52.4 

16.7 
k. 8 
7.1 
0 
7.1 
11.9 

63 
8 
1 
5 
1 
0 
0 

80.8 

10.3 
1.3 
6.3 
1.3 
0 
0 

3 
0 
k 
25 
0 
0 
0 

8.8 
0 
11.8 

IS.k 
0 
0 
0 

* Control X = experimental controls. The animals were cut in the thoracic 
region away from the ventral nerve cord. 

The area of damaged tissue was much smaller in these experimental animals 

than for the cautery experiments. In each case the dissection showed the 

operation to be a success with the cut connectives to the first and second 

thoracic ganglia being retracted slightly towards each respective ganglion. 

The behaviour of the operated animals was similar to that obtained in the 

previous experiments. The animals had the same range of developmental options 

as before. Resulting pupae were usually not normal in appearance but the 

wing area was bunched up and the animal was bent over at the level of the 

thorax. The sternal area was not deformed. The adult usually had to be removed 

from the pupal cuticle. The wings were again shortened ( less than half the 

normal length) and unexpanded. There was no movement in the first wings and 

only slight movement in the second wings. All three pairs of legs were 

functional. Resulting moths from the control series were normal. 
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Dissection results 

13 animals were dissected. In each case the first thoracic ganglion 

lay to the anterior of the prothorax while the composite ganglion lay 

between the meso- and metathorax. In each case the nerves from the first wings 

entered directly into the anterior of the composite ganglion similar to 

the case where the first thoracic ganglion was cauterised. There was no sign 

of the interganglionic connectives. In six animals the composite ganglion 

did not possess its normal waisted appearance but was oval in shape. In 

six animals all of the mesothoracic musculature appeared normal while in 

7 animals the ventral part of 2d 11 and all of 2dl2 and 2d 13 were missing. 

As in the cautery experiments the area normally occupied by these muscles 

was filled with fat body. Control animals were normal. 

Histology 

Three animals were sectioned. The results were very similar to those 

obtained when the first thoracic ganglion was cauterised ( see Figure 19c). 

2d 11 consisted of a single group of muscle fibres on each side of the animal, 

each group containing about 90 fibres ( fibre diameter of 55 microns). There 

was no sign of 2dl2 or 2d 13• The other mesothoracic muscles appeared normal. 

5.3.2.2 CONNECTIVES BETWEEN THE SECOND TWO THORACIC GANGLIA (T2//T3 ) 
SEVERED. 

Table 9. Connectives between the second two thoracic ganglia severed: 
summary of results. 

Number,- % of animals 
operated on. 

Dead larvae 
Abortive pupae 
Dead pupae 
Adults 
Live larvae 
Larvae d issected 
Unaccounted for 

out 

SERIES 1 

50 

13 
5 
k 
3 
12 
5 
8 

100% 

26 
10 
8 
6 

2k 
10 
16 

SERIES 2 

50 
38 
2 
3 
5 
0 
0 
2 

100% 

76 
k 
6 
10 
0 
0 
k 

CONTROL X 

17 

1 
0 
1 

\k 
0 
0 
1 

100% 

5.9 
0 
5.9 

82.A 
0 
0 
5.9 
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Larvae dissected out were similar to those obtained from the previous 

experiment except for the location of the injury. Resulting moths could 

not free themselves from the pupal cuticle. 

Dissect ion results 

7 animals were dissected. The mesothoracic musculature appeared normal. 

In h of the animals the sensory nerve from the second wing entered the 

posterior part of the composite ganglion. In k animals there was no contin

uity of the nerve cord while in the other three the two parts of the composite 

ganglion were joined by a long connective, the anterior part lying in the 

anterior mesothorax and the posterior part lying in the metathorax. The 

metathoracic dorsolongitudinal muscles were absent in 6 of the animals 

but were present on one side of the seventh animal ( in this animal the 

ventral nerve cord was continuous). The remaining metathoracic musculature 

appeared normal. Control animals were normal. 

Records of the operations in which the connectives between the third 

thoracic ganglion and first abdominal ganglion, the first abdominal ganglion 

andsecond abdominal ganglion, and the second abdominal ganglion and the 

third abdominal ganglion were severed can be found in the Appendix. 

These operations had no observed effect on the pterothoracic musculature. 

S.h DISCUSSION. 

A number of points arise from this section of the work. Firstly the 

results demonstrate a relationship between the larval nervous system and the 

presence of muscle in the adult moth. Thus destruction of the first thoracic 

ganglion resulted in animals which lacked most of the mesothoracic dorso-

longitudinal flight musculature. Destruction of the second thoracic ganglion 

lead to animals which lacked all but the dorsolongitudjnal muscles in the 
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mesothorax and also lacked the metathoracic dorsolongitudinal muscles. 

Loss of the metathoracic ganglion resulted in animals which usually possessed 

the metathoracic dorsolongitudinal muscles but lacked the remaining meta-

thoracic muscles while loss of the first abdominal ganglion had no effect 

on the pterothorac?c musculature. 

However, experiments in which larval ganglia were cauterised proved 

to have another disadvantage besides the expected reduction in percentage 

of animals able to develop successfully to the adult stage. In every case 

where animals were able to develop successfully, cautery of the first three 

thoracic ganglia of the larva lead to an adult which had defects in the sternal 

are of the corresponding segment. Thus cautery of the prothoracic ganglion 

lead to the non-formation of the first pair of adult legs as well as to the 

absence of the prosternum. According to Wigglesworth (1972), for most parts 

of the body in the Lepidoptera the adult cuticle is laid down by the same 

cells or by the daughter cells of those which previously laid down the larval 

cuticle. Kim (1959) showed that in Pieris brassicae the coxa of the adult 

is formed by cells at the base of the larval leg. Presumably the cells inner 

to these on the ventral part of the larval body are responsible for forming 

the adult sternum. Thus the cautery experiments not only have the desired 

effect of destroying the larval ganglia but also have the undesirable side 

effect of destroying the precursors of the ventral parts of the adult. 

Any disruption of thfe muscle system, then, may not necessarily be attributed 

to the lack of central nervous system but may be due to skeletal disruption 

or even to the destruction of the anlagen of the adult muscles. 

However, one group of muscles is seen to be affected by the ganglion of 

another segment. Far both of the meso- and metathoracic dorsolongitudinal 

muscles destruction of the ganglion in the next anterior segment results in 

the non-development of all or most of this muscle in the ensuing adult. 
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Thus in the absence of the first thoracic ganglion, 2dl2, 2dl3 and the ventral 

part of 2d 11 do not develop. This effect is shown not to be caused by hormones, 

but to be transmitted by the nervous system itself, since experiments in which 

the connectives between the first two thoracic ganglia were severed gave 

the same results. Nuesch (1957) described a similar result for Antheraea. 

The most striking difference from Antheraea is that destruction of the 

larval prothoracic ganglion or section of the nerve cord between the first 

two thoracic ganglia results in the absence of most of the 2d 11 musdles in 

the adult. Unlike the situation in Antheraea ( Nuesch, 1968) no vestige of 

the adult muscle system can be observed. The small number of thin but 

structurally normal muscle fibres found in Antheraea is not seen in Galleria. 

Instead fat body occupies the position where the muscles would normally be 

( cf. Kopec, 1923). Thus,, whereas Nuesch (l968) hypothesised that the neural 

influence in Antheraea was effective at a later stage of development! after 

the muscle fibres had formed it seems that in Galleria the presence of the 

nervous system is crucial from the beginning of adult development. 

The first thoracic ganglion-mesothoracic dorsolongitudinal muscle 

system is a good one for studying nerve-muscle interaction during development 

for two reasons: 

1) The dorsolongitudinal muscles and their larval precursors are dorsally 

situated whereas the nervous system is ventral. Thus in any experiment where 

the nervous system is injured there should be less chance of other complicating 

tissue interactions than if the muscles being studied had a component of 

ventral origin or insertion. 

2) The dorsolongitudinal muscles are situated in a different segment from 

the ganglion which has the major effect on their development. In addition, 

the mesothoracic dorsolongitudinal muscles are large and easily located. 
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The second point arising from the results concerns the sensory nerve 

from the first wing. As stated already this nerve enters the central nervous 

system at the connectives just anterior to their connection to the meso-

thoracic ganglion. In the absence of the prothoracic ganglion these nerves 

enter directly into the second ganglion while in the absence of the second 

ganglion the wing nerve enters the posterior part of the first ganglion 

after following a looped and rather indirect course. Whereas in the absence 

of the prothoracic ganglion the wing nerve invariably found the second ganglion 

there was some variation when the second ganglIon,was absent. Then there were 

sometimes posteriorly running branches of the wing nerve. These appeared to 

end in the dorsolongitudinal muscle but their positions were variable. On 

six occasions the wing nerve failed to connect with the first thoracic ganglion 

and on each of these occasions the dorsolongitudInal muscle on that side 

failed to develop. There are two possible explanations for this. First, 

the motor nerve to the developing mesothoracic dorsolongitudinal muscles 

is dependent upon the presence of the sensory nerve from the first wing. 

However it was also noted that in five of the cases where T2G cauterised 

animals failed to develop mesothoracic dorsolongitudinal muscles there was 

a connection between the wing nerve and the first ganglion. Such connections 

were often found to be very tenuous and it is possible that in the above 

mentioned five cases the connection was quite abnormal in some way. This 

alternative also raises the question of whether successive separate larval 

and adult neurons are involved in the innervation of the larval precursors 

and the developed dorsolongitudInal muscles. lt is possible that the initial 

effect is via the larval nerves while new adult nerves grow during the pupal 

period. Such new adult nerves might require the incoming sensory nerve to 

provide orientation. The second alternative is that the sensory nerve from 

the first wing may require the presence of the motor nerve to the dorsolongitud

inal muscles in order to find its way into the central nervous system. This 

point is further investigated in Chapter 9. 
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As found by earlier workers larvae in which the ventral nerve cord has 

been transected or removed have a longer development time and a lower success 

rate in developing to the adult stage than do normal last instar larvae 

(Edwards, 1966; Alexander, 1970; Beck, 1970 ) . lt was noted that in the 

operations described in this chapter the success rate of operated larvae 

to form pupae was lower than these described by previous workers ( cf. 

Edwards, 1966; Alexander, 1970; Mala, et al., 1977). lt is probable 

that the cautery operations used here have a more drastic effect than 

operations in which ganglia are extirpated. However, from these experiments 

it may be noted that the particular ganglion cauterised has a pronounced 

effect on the number of animals successfully pupating, there being a higher 

success rate for T1G and T2G cauterised animals than in animals where the 

more posterior ganglia are destroyed. A suspicion that the pro- and meso-

thoracic ganglia have an inhibitory effect on the activity of the prothoracic 

gland has recently been confirmed by Mala, et al. (1977)( see also the 

Appendix). 

Finally, the adult thoracic nervous system consists of two ganglia, 

one of which is situated to the posterior of the prothorax while the other 

is located towards the anterior of the mesothorax. Both cauterisation of 

the larval thoracic ganglia and section of the larval nerve cord at the 

level of the thorax resulted in an adult nervous system which was abnormal 

with respect to the positions of the two adult thoracic ganglia. Thus, section 

of the connectives between the first two thoracic ganglia of the larva 

results in a more anteriorly situated anterior ganglion and a more posteriorly 

situated composite ganglion than in the normal animal. Cauterisation 

experiments have a similar effect on whichever ganglion remains. Pipa (1973), 

in a discussion of the mechanisms of nerve cord shortening, commented that the 

shortening of the connectives during metamorphosis in Galleria is probably 

achieved by the contraction or migration of glial cells ( see also 
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Pipa and Woolever, 1964 ,. 1965; Tung and Pipa, 1972 ). Evidence was presented 

by these authors to show that looped axons occur in the shortening connectives 

and it was noted that the occurrence of such loops suggests a build up of 

intrinsic tractive forces. Pipa (1967) showed that even connectives containing 

degenerated axons shortened so that the tractive force probably resides in 

the remaining components of the connectives, the glial cells. The fact 

that ganglia come to 1ie further apart from one another after nerve cord 

transection experiments suggests that some intrinsic tension within the ventral 

nerve cord has been released and provides further support for Pipa's 

hypothesis. 



FIGURE 18. A, Sites for larval nerve cautery operations. 

T1G = first thoracic ganglion 
T2G = second thoracic ganglion 
T3G = third thoracic ganglion 
A1G = first abdominal ganglion 
A2G = second abdominal ganglion 

B. Site for larval wing disc cautery operation. 

wd = position of imaginal disc for first wing. 





FIGURE 19. A. Transverse section of mesothorax in adult 
resulting from T1G cauterised larva (xkO). 

B. Transverse section of mesothorax in adult 
resulting from T2G cauterised larva (x**0). 
Arrow shows most dorsal cluster of 2d 11 fibres 
which is not divided into two fasciculae. 

C. Transverse section of mesothorax in adult 
resulting from larva in which the connectives 
between the first two thoracic ganglia were 
severed (x^O). 

D. Transverse section of mesothorax in adult 
resulting from last instar larva in which 
one of the connectives between the first two 
thoracic ganglia was severed (xkO). Arrows 
in this photograph and the next two point to 
the one cluster of 2d 11 fibres on the operated 
side. 

E. Transverse section of mesothorax in adult 
resulting from fifth instar larva in which 
one of the connectives between the first two 
thoracic ganglia was severed (x^O). 

F. Transverse section of mesothorax in adult 
resulting from sixth Instar larva in which one 
of the connectives between the first two 
thoracic ganglia was severed (x^O). 
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CHAPTER 6. THE LARVAL MUSCLE CONSTITUENTS OF THE DL1 MUSCLE 

IN THE TIG DENERVATED ADULT. 

6.1 INTRODUCTION 

In Chapter 5 it was seen that larvae in which the first thoracic 

ganglion was destroyed or in which the connectives between the first two 

thoracic ganglia were severed resulted in adults having only the dorsal part 

of the 2d 11 muscle present of the 2d 1 flight muscle complement. Animals in 

which the second thoracic ganglion was cauterised possessed all of the 2d 1 

muscles although the first two fasciculae of 2d 11 were not differentiated 

from each other. This suggests that the dorsal part of 2d 11 is either 

wholly or partially innervated from the second thoracic ganglion. In 

Chapter kf 2d 11 was shown to be derived from several larval muscles: 

1,2,7,8,10,11 and 1km A way of checking which larval muscle(s) contributes 

to the dorsaJ dl1 muscle would be to section operated animals at various 

stages of the early pupa. However, as noted in Chapter 5, operated larvae 

do not have a 100% success rate in developing to the adult and in addition 

pupal development may be longer so that it is not possible to predict the 

exact stage of muscle development in the resulting pupae. The two connectives 

between the first two thoracic ganglia are well spaced and clearly visible 

under a bright light. Thus it should be possible to cut one connective and 

to affect only one side of the animal. Preliminary investigations showed 

that animals operated in this way were normal in appearance and behaviour 

and that the resulting pupae were not deformed. 

The aims of this chapter are : 

1) To determine the effects of sectioning one connective between the first 

two thoracic ganglia of the larva on the adult muscle system. 

2) To section the nerve cord of a number of animals ( as above) and to examine 

a series through the early pupal stages to determine which larval muscle(s) 

develop as normal. 
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6.2 METHODS. 

In the first experiment 30 post-feeding last instar larvae were operated 

on by section of one of the connectives between the first two thoracic ganglia. 

Larvae were then placed in petri dished lined with filter paper and allowed to 

develop through to the adult stage. Resulting moths were fixed in Bouin's 

solution. Six animals were retained for histology and the remainder were 

split sagittal Iy and examined. 

In a second experiment 20 post-feeding last instar larvae were operated 

on as above. The animals were then examined at least twice a day in order 

to determine the time of the larva-pupa ecdysis. Animals were fixed and 

sectioned at the following stages: stage k larva ( pharate pupal stage), 

1 hour, 5 hours, 12 hours, 2k hours, 32 hours, 50 hours, 60 hours and 

72 hours pupae. The sections were examined to determine which of the dorsal 

larval muscles did not develop as normal. 

In all cases the unoperated side was treated as the control. 

6.3 RESULTS 

6.3.1 ONE CONNECTIVE BETWEEN THE FIRST TWO THORACIC GANGLIA 

( T1/T2 ) SECTIONED. 

Table 10. A summary of results. 

Operated animals 30 
Dead larvae 7 
Abortive pupae 1 
Dead pupae 2 
Adults 15 
Larvae remaining 1 
Unaccounted for k 
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Operated larvae were normal in their behaviour and spun cocoons as 

do normal larvae. Resulting pupae were also normal and the adults were able 

to emerge unaided from the pupal cuticle. The adults could move both pairs 

of wings which were normal in length and appearance. The animals did not 

fly actively. The external appearance of the animals was normal. Nine 

adults were dissected. The dissections showed the operations to have been a 

success in every case. The first and second thoracic ganglia were separated 

by one connective which was slightly thicker and longer than normal. The 

anterior and composite ganglia were correspondingly anterior and posterior 

of their normal positions. On the unoperated side the nerve from the first 

wing entered the connective as normal and the muscles on that side were normal. 

On the operated side the wing nerve entered directly into the anterior part 

of the composite ganglion. On this side the ventral part of 2d 11 and all of 

2d 12 and 2d 13 were absent in each case. Six animals were sectioned. The 

results confirm the findings of the dissections. On one side only one 

dorsal fasciculus of 2d 11 was present while 2d 12 and 2d 13 were both absent. 

On the other side the 2d 1 muscles were normal( see Figure 19d). 

6.3.2 LARVAL CONSITUENTS OF THE 2DU MUSCLE FROM T1/T2 OPERATED LARVAE. 

Of the larval muscleswhich normally develop to give the adult 2d 11 

muscles only 11, 14 and possibly 1 developed normally on the operated side. 

Muscles 2,7,8 and 10 did not grow nor did they appear to transform and no 

trace of them remained by the 2k hour stage. At the 1 hour pupal stage 

muscle 7 appeared to contain a few presumptive myoblasts. However this muscle 

did not grow any larger and it was not clear what happened to these presumptive 

myoblasts. From the 2h hour stage onwards the future dl1 muscle was present 

as a small version of the 2d 11 muscle on the unoperated side. However it 

never divided into fasciculae but remained as one muscle mass. The fate of 

muscle 1 was not clear. In Chapter k it was noted that this muscle transforms 
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more slowly than muscles 7,11 and Ik and contributes only a narrow band of 

presumptive myoblasts to the dl1 muscle. On the operated side muscle 1 

was present at the 12 hour stage and contained a few presumptive myoblasts. 

However by the 2k hour stage no distinction could be made between this muscle 

and the adjacent muscles 11 and Ik. Muscles 15 and 9 which normally transform 

to give 2d 12 and 2dl3 did not appear to begin adult development and by the 

2k hour stage no sign of them was found. On the unoperated side the dorso-

longitudinal muscles developed as normal. 

i 

e.k DISCUSSION 

The results of this chapter show,firstly, that severing one of the 

connectives between the first two thoracic ganglia of the larva has the 

same effect on the operated side as does cautery of the T1G or section of 

both connectives between the two ganglia. From the above results it is also 

seen that in the absence of innervation from the first thoracic ganglion 

muscles 2,7,8 and 10 ( future ventral fasciculae of 2d 11 ), muscle 15 

( future 2d 12 ) and muscle 9 ( future 2d 13 ) do not transform at 

metamorphosis. Thus it appears that muscles (1), 11 and Ik are innervated 

from the second thoracic ganglion and muscles 2,7,8,9, 10 and 15 are 

innervated from the first thoracic ganglion. 
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CHAPTER 7. THE INFLUENCE OF THE PUPAL NERVOUS SYSTEM ON THE 

MESOTHORACIC DORSOLONGITUDINAL MUSCLES 

OF THE ADULT. 

7.1 INTRODUCTION. 

In Chapter 5 it was seen that destruction of the first thoracic ganglion 

of the post-feeding last instar larva leads to an adult moth in which the 

mesothoracic dl2, d13 and the ventral part of dll are missing, lt was 

found that denervation apparently exerts its effect on the presumptive 

myoblasts so tbat theydo not develop to form normal muscle. 

In the system studied by Nuesch (1957) the earliest denervation experiments 

took place in the diapausing pupa at a stage when the dorsal muscle anlagen 

had already formed. Basler (1969) studied the effects of denervating pupae 

of Antheraea pernyi and A. polyphemus at various stages after the onset of 

adult development. Denervation at progressive stages was found to have two 

major effects. First, the fibre diameter was more markedly affected if the 

denervation occurred early in the developmental period. Thus in insects 

denervated during the first three days after pupation the fibre volume of 

the mesothoracic dorsolongitudinal muscle was less than that of the. normal 

adult. The fibre volume steadily increased, the later the stage at which the 

operation was performed. As noted by Nuesch (1968) resulting fibres were 

striated and contractile. Second, the number of fibres was also found to be 

affected by the stage at which the operation took place. Up until halfway 

through the period of adult development ( 9 days) the number of fibres formed 

was fewer as the operations were performed earlier. However after the 9~day. 

stage ofadult development the number of fibres remained constant at the 

typical number of fibres found in the adult. The development of muscles 

was therefore found to be subject to neural influence over the whole of the 

pupal period. 
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The aim of this chapter is to examine the effect of denervation on 

pupae of varying ages and to determine whether there is a critical period 

for the neural influence on muscle development in Galteria. 

lt is recognised that the stage between the post-feeding,wandering 

last instar larva ( Stage 1) and the early pupa has been omitted from this 

investigation. This stage includes the beginning of larval muscle 

breakdown and the growth of a presumptive myoblast population ( see Chapter 

However animals during this prepupal phase were found to be vulnerable, 

even to light handling, and the necessary operation procedures were therefor 

not feasible. 

7.2 METHODS. 

In a series of experiments the first thoracic ganglion was cauterised 

at the following stages : 

0 - 1 0 hours pupa 36 - k8 hours pupa Qk - 96 hours pupa 
10- 15 " " k8 - 60 '• M 96 - 108 '» M 

16- 2k •• " 60 - 72 •' " 108- 120 '• n 

24- 36 n n 72 - 8k •' M 120 + '• •« 

Animals were aged from the 0 hours pupa stage ( white pupa). 

The cautery apparatus was the same as for the larval operations and 

the procedures were the same except that pupae were not anaesthetised prior 

to cautery. The first thoracic ganglion was located in the early pupa 

( see Figure 20 ) . Thereafter it changes position very little by comparison 

with the 1 mm. diameter area of tissue affected by the cautery procedure. 

Animals were cauterised fractionally anterior to the estimated position of 

the first thoracic ganglion in order to minimise any effect on the second 

ganglion. Each pupa was cauterised for approximately 10 seconds. 
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Accurate survival records were notretained for this experiment. However, it 

was noted that approximately 50% of the animals died before completing 

development. At least 50 animals were operated on at each stage. Animals 

which developed successfully to the adult stage were fixed by injection with 

Bouin's solution and later dissected or treated to the same histological 

procedures outlined in Chapter 2. At each stage 20 control animals were 

cauterised in the thoracic area of the pupa but away from the region of the 

central nervous system. 

In a second experiment 100 pupae at the 0 to 10 hours stage were 

cauterised at the level of the second thoracic ganglion. The aim of this 

experiment was to further investigate the relationship between the development 

of the mesothoracic dorsolongitudinal muscles and the connection of the wing 

nerve with the first thoracic ganglion. 

7.3 RESULTS. 

7.3.1 THE FIRST THORACIC GANGLION ( T1G ) OF THE PUPA CAUTERISED. 

The dissection and histology results for this section are 

summarised in Tables 11 and 12. 
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Table 11. A summary of dissection resutts for TIG cauterised pupae: 
explanation of categories. 

1) The animals had begun adult development but died before reaching 
the adult stage. 

2) The exoskeleton had developed as normal but the internal organs 
appeared to be undeveloped. In such animals none of the internal 
tissues could be distinguished from each other and very little 
tissue remained. There was only a featureless substance which 
adhered closely to the adult cuticle. 

3) The animals had completed development. The sensory nerves from 
the first wings made direct connections with the second thoracic 
ganglion. 2d 12, 2d13 and the ventral part of 2d 11 were missing. 
Fat body was found in their place. The other mesothoracic 
musculature was normal. 

k) The wing nerve made no connection with the second ganglion. 
The second ganglion appeared to be normal. No mesothoracic 
dorsolongitudinal muscles were present but the remaining 
mesothoracic muscles appeared normal. 

5) The second thoracic ganglion was also affected with the anterior 
end being partially deformed. None or very little of the 
mesothoracic musculature was present. 

6) The animal was moribund and it was not possible to distinguish 
any internal features. 

7) Animals in this category were completely normal adults. 

8) All three mesothoracic dorsolongitudinal muscles were present. 
There was also some fat body in the region of these muscles. 

9) Part of the anterior ganglion remained. On one side a 
connective joined the two thoracic ganglia. On this side the 
wing nerve entered the connective in the normal place. On the 
other side the wing nerve entered the anterior part of the 
composite ganglion directly. All of the 2d 11 fasciculae were 
present, 2dl2 was present but approximately half its normal 
size, and 2dl3 was present but was smaller than normal. 

10) The operation was successful with the anterior ganglion 
being missing. The wingnerves entered the connectives just 
above the composite ganglion. The mesothoracic musculature 
appeared normal. 
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Table 11 • Summary of dissect ion r e su l t s for T1G cauterised pupae* 

Stage ( in hours) at which pupa was cauter ised. 

0-10 10-15 16-24 24-36 36-48 48-60 64-72 72-84 84-96 96-108 108-120 120+ 

16 

Category 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

0-1 < 

10 

32 

23 

3 

15 

10 

-

-

-

«. 

;> 

6 

10 

-

1 

-

8 

2 

3 

7 

4 

-

-

7 

2 

1 

-

-

a * 

2 

-

2 

3 

8 

6 

<i 

5 

-

4 

3 

7 

2 

2 1 1 11 

1 

2 

31 6 6 18 

Number of animals in each category. 



Table 12 • Summary of histology results for T1G cauterised pupae. 

Stage I 

0-10 he 

10-15 

16-24 

24-36 

36-48 

seetxonea 

7 

. 4 

5 : 

8 

4 

1 

d o r s a l d l l 
c l u s t e r 

P 

P 

1 I 
2-4 

5 

1 ! 
2 : 

3-5 

6-8 

| 1 

2 
3 
4 

animal 
P 

a 

animal 
P *** 

P 

a 

P 

p * 
a 
a 

o t h e r 
d l l 

a 

a 

completely 
a 

P 

completely 
a 

| P * * -

j P #X#r 

j p ***r 

P * 
a 
P 

dl2 

a j 

a 

d l 3 I 

a 

a 

normal 
a j a | 

a a 

normal 
a 

a 

' a 

a 

a 
a 

j P 

a 

a 

| a 

a 

a 
a 
a 

d iameter of 
d o r s a l d l l 
f i b r e s (microns) 

x = 53*9 
s = 2 .2 
x j 

x = 51 .2 I 
s x = 3-4 

x = 57.1 

V 4»4 j 

—.»-.-...-_ 

x = 57 
s = 4 .0 
xx= 45 .3 

JL_J/4 

x = 57.1 
s = 2 .9 

X 
as above 

d iamete r of 
o t h e r d l l 
f i b r e s (microns) 

______ 

x = 18 .4 
s = 1.1 

X 

______ 

x = 13 
s x = 1.9 

as above 

x = 24 .5 
s ,= 1.4 

t o t a l n o . of 
d l l f i b r e s 
( p e r s i d e ) 

x = 84.6 
s x= 7 ' 4 

x = 105 
s = 2 .0 

X 

x = 61 .3 

__L__*7 

x = 79 .5 
; s x = 1 1 . 1 

x = 26 

| V 3 

72 



48-60 j 

64-72 

72-84 

84-96 

96-108 

108-120 

120+ 

6 1 

2-4 

5-6 

p ^ | 

a i 

: 

2 a * * * * j 

3 a 

3 a 

7 a 

2 a 

5 a 

p * 

p 

p 

p 

p 

p 

p 

p 

p 

p j 
P ; 

a 

P 

P 

P 

P 

j P 

P 

a j 

a j 

a ; 

P 

P 

P 

P 

P 

P | 

x = 32.6 
s = 1.6 

X 

x = 44 .3 
s = 2 . 3 ; 

x ; 

x = 29.6 
s = 2.1 

x 

x = 36 .3 
s = 0 .5 

X 

x = 32 .8 
s = 2 .7 

X 

x = 49.2 
s x = 1 ' 8 

x = 47 .8 
s x = 3.7 

234 

242 

369 

5 = 319 
s x= 19 

287 

277 

293 

I 

Notes: 

p = present ; a = absent ; x = mean ; ŝ  = standard error. 

* = on one side only. 
•*••* = on both sides. 

#** = ventral to the dorsal cluster. 
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0 - 1 0 hours pupa 

In most cases resulting adults were unable to free themselves from the 

pupal cuticle. The first thoracic segment was deformed with the first legs 

being either deformed or missing. However the extent of the deformation 

was not as great as for the corresponding operation in the larva. The wings 

had little or no movement. The second and third legs were normal, unless 

the operation had been carried out too posteriorly in which case the second 

legs and mesosternum were also affected. Some animals were completely 

motionless except for small movements of the antennae and/or the ovipositor, 

The time taken to complete development was approximately 10 days ( cf. 7 - 7i 

days for normal adult development). Dissection results showed that in 

successfully emerging adults the composite ganglion occupied a more posterior 

position than in the normal animal. In one of the Category k animals ( where 

the wing nerve failed to connect with the second ganglion) the nerve was 

seen to branch forwards towards the head while in the other two Category k 

animals the nerve was branched but the branches were directed horizontally 

backwards. In section each animal was seen to have only the dorsal group 

of dl1 fibres which was not divided into fasciculae except for one animal 

which had two clusters of fibres on each side ( see Figures 21a, 21b). 

The space normally occupied by the dorsolongitudinal muscles contained fat 

body. The other mesothoracic muscles appeared normal. 

16 - 2*J hours pupa 

Successfully pupating moths resembled those cauterised at the earlier 

stages with respect to'their external.appearance. This description is 

invariable throughout the time series except that animals cauterised later 

were usually more extensively injured. Occasionally the prothoracic segment 

was totally destroyed. In such cases the posterior segments were healthy 

and generally appeared normal except for specific muscle defects and the 

position of the composite ganglion. As noted in Table 12 most of the 
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sectioned animals resembled those from earlier stages. In addition, small 

cells ( 5 microns diameter) were occasionally seen amongst-the.fibres 

and in the positions of 2dl2 and 2d 13• Such cells were seen up until 

about the 60 hour stage; however it was not possible to identify them. 

They stained differently from the muscle fibres and were similar in xolour 

and general appearance to the presumptive myoblasts described in Chapter 4 

( see also Chapter 8). In one animal the 2dl1 muscle was represented by five 

or six small clusters of cells which occupied the position of the normal 

2d11 muscle. 

24 - 36 hours pupa 

In three of the sectioned animals the large 2d 11 cluster found in 

the earlier stages was present on one side of the animal. There were also 

some small fibres in clusters ventral to the main dorsal cluster. On the 

other side small clusters of tiny fibres were present. These occupied the normal 

position of the 2d 11 muscle ( see Figures 21c, 21d). In addition, there were 

some clusters of small cells ( 4.9 microns diameter) situated amongst the 

fibres. The position and colour ( similar to the muscle fibres ) suggests 

that these may be muscle cells. Three animals possessed small clusters of 

fibres on both sides of the animal. 

36 - 48 hours pupa 

In one animal 2d 12 was seen for the first time as two fibres 

on each side. There was no sign of 2d 13 ( see Figure 21e). 

48 - 60 hours pupa 

In section two animals were seen to possess clusters of small fibres 

in the position of 2dl1. The other 2dl muscles were not seen. In three 

animals 2dl1 looks comparatively normal. There were five fasciculae on 

each side. However many fibres of the ventral two fasciculae were vacuolated 
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and looked quite abnormal. 2dl2 was present and well formed. 2d 13 was not 

yet seen. In one animal a cluster of the rather featureless cells 

described for the earlier stages was seen in the position of 2d 13. 

The 2d 11 muscles were surrounded by fat body. 

6k - 72 hours pupa 

In section each 2d 11 fasciculus was seen to be surrounded by fat body. 

Some of the vacuolated degenerating fibres seen at the previous stage were 

present. All three of the 2dl muscles were present ( see Figure 21f). 

72 - 8k hours pupa 

All three 2d 1 muscles were present and approximately normal. Some fibre 

degeneration was again seen in the lower fasciculae of 2d 11. However this 

degeneration was not uniformly found and was sometimes present on.only one 

side of the animal. 

8fr - 96 hours pupa 

Fat body was found between the fasciculae of 2d 11. 

108 - 120 hours pupa 

Fat body was found between the fasciculae of 2d 11. 

120 + hours pupa 

There was very little fat body left between the fasciculae of 2d 11. 

Controls 

Control animals at each stage varied from being normal ( that is, the 

animal had normal movement of both pairs of wings and all three pairs of legs) 

to being damaged in the area of the injury. In the earlier stages ( up to 

72 hours ) the muscle tissue in the region of the cautery was not developed. 
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In the later stages the formed muscle in the region of the cautery was 

damaged. However, the region of damaged tissue was strictly variable 

according to the position of the cautery, the remainder of the animal being 

normal. 

7.3.2 CAUTERISATION AT THE LEVEL OF THE SECOND GANGLION 

( MESOTHORACIC GANGLION ) IN THE 0 TO 10 HOURS PUPA. 

61 animals were dissected. The results obtained fell into the 

following categories: 

1) The exoskeleton was developed as normal but there was little differentiation 

of the internal tissues ( 7 animals). 

2) The animal was moribund and it was not possible to discerh the 

state of the internal tissues ( 13 animals). 

3) The operation was successful. The composite ganglion was approximately 

half of its normal size and was situated to the rear of the metathoracic 

segment. The 2dl muscles appeared normal but the remaining mesothoracic 

muscles were not developed. The wing nerve was connected to the anterior 

ganglionthrough the looped connection seen when the larval mesothoracic 

ganglion was cauterised. The metathoracic dorsolongitudinal muscles 

were not present ( 18 animals). 

4) The wing nerve made no connection with the anterior ganglion. None of 

the mesothoracic muscles was present ( 15 animals). 

5) Part of the mesothoracic ganglion was present as was part of the 

mesothoracic dorsoventral muscle. The 2d 1 muscles were present ( 3 animals). 

6) The operation appeared to be successful. The wing nerve was connected 

to the anterior ganglion. No mesothoracic muscles were present (2 animals). 
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7) Part of the anterior ganglion was affected. None of the mesothoracic 

muscles was present. The first segment was damaged ( 2 animals). 

8) 2dl1 and 2dl2 were absent. 2d 13 was present on one side ( the wing 

nerve connected on this side with the first thoracic ganglion). On the 

other side all of the 2d 1 muscles were absent and on this side the wing nerve 

bypassed the nanterior ganglion ( 1 animal). 

9) The animal was completely normal; i.e., the operation was unsuccessful 

( 2 animals). 

In cases where the wing nerve failed to make contact with the anterior 

ganglion there was a strong similarity with the corresponding situation 

when the larval mesothoracic ganglion was cauterised. The wing nerve 

usually approached the anterior ganglion closely and was branched, with 

the branches leaving the main nerve near its exit at the wing base. 

Histology 

Two animals were sectioned. 

a) The lower two fasciculae of 2d 11 were normal. However, 2dl1a,b and c 

were only partially developed and surrounded by fat body. The rest of 

the mesothoracic muscles were not present. 

b) The dorsolongitudinal muscles were well developed. There was no clear 

differentiation of 2dl1a and b ( i.e., these consisted of one bundle of 

96 fibres ). The other mesothoracic muscles were absent. 
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Table 13. Summary of results for the number of muscle nuclei per 

fibre versus the stage of denervation. 

Stage of Denervation Mean S.D. 

27i - 29i hours pupa 

51 - 55 hours pupa 

98 hours pupa 

123 - 129 hours pupa 

Normal adult 

1.60 

4.81 

5.63 

7.18 

7.00 

0.50 

1.61 

0.84 

1.32 

1.68 

Mean and standard deviation are for the number of nuclei per fibre 
in a cross section from the ventral fasciculae of d 11. 

The results contained in Table 13 above are part of the general 

results for Chapter 7. The fibres of adults resulting from pupae denervat 

early in development were found to contain fewer nuclei in any one cross 

section than is the case for the normal animal. Up until the 120 hour 

stage the number of nuclei per fibre is less than that for the normal 

animal even though the normal number of dl1 fibres are present from 

the 60 hour stage of denervation onwards. 

l . k DISCUSSION 

The results obtained from cauterising pupae at various stages of 

their development show the following: 

Up until the 2k hour pupal stage denervation has the same effect as d 
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denervation of the last instar larvae. 

After the 2k hour stage the 2dl1 muscle is represented by a few clusters 

of small fibres which occupy a similar position to the normal 2d11 muscle. 

Not until the 50 hour stage do the animals possess the general arrangement 

and number of fibres found in the normal adult. 

The fibres of the 2dl1 muscle do not reach their normal diameter unless 

denervation is carried out at the 96 hour stage or later. 

These results are different in some respects from those obtained by 

Basler (1969) and Nuesch (1968) for Antheraea* As has already been stated, 

in Anthevaea pernyi, denervation at the early pupal stage ( diapausing pupa) 

results in the dorsolongitudinal muscle being represented by a few thin 

strands of muscle which are otherwise normal in their appearance. In Galleria, 

denervation of the muscles which will form the mesothoracic dorsolongitudinal 

muscles in the adult ( by destroying the first thoracic ganglion of the pupa) 

results in the development of a single cluster of fibres occupying the same 

position as dlle and d on each side. This result parallels that found for 

cauterisation experiments involving the prothoracic ganglion of the larva. 

Thus it appears that only the larval muscle innervated by the mesothoracic 

ganglion is able to contribute to the dorsolongitudinal muscle of the 

denervated adult. Not until the 2k to 36 hour stage is there any definite 

sign of other dorsolongitudinal muscle development. Before this stage 

occasional clusters* of cells are seen in the region where the dorsolongitudinal 

muscles are found. Such cells, however, are not readily identifiable as 

they are rounded cells with no distinguishing characteristics. They were not 

consistently found ( see also Chapter 8). At the 2k hour stage of the normal 

pupa, disoriented myoblasts are present in fairly large cell masses. Such groups 

of cells are not seen in adults resulting from pupae denervated at the 2k 

hour stage. lt therefore seems likely that there is some regression of 

these eel 1s. 
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From the 2k to 36 hour stage onwards the 2d 11 muscle is represented by 

small clusters of tiny fibres which are distributed much as the normal 

d11 muscle. These fibres are smaller and fewer than those of the normal 

animal, the main dorsal area of the animal being occupied by fat body. 

They appear normal although they stain more deeply than do normal fibres. 

Up until the kS hour stage several of the sectioned animals possess a 

few clusters of thin fibres in addition to the single dll muscle cluster 

described earlier. lt is probable that in animals which possessed the 

small fibres only, part of the second thoracic ganglion was also damaged 

thus preventing the development of this dorsal cluster of fibres. 

Both the number of fibres and their diameter increased the later the stage 

at which the animals were denervated ( see Table 12). The number of fibres 

in dll increases up until the 48 to 60 hour stage when the fibre number 

remains constant, although it may be affected by degenerating fibres. In the. 

normal pupa the numberof fibres remains constant from the 2k to 30 hour stage 

onwards. Nuesch and Bienz-lsler (1972) and Basler (1969) hypothesised that 

denervation in Antheraea has the effect of stopping amitotic proliferation 

of nuclei after the myoblasts have formed themselves into fibres. They noted 

that normal, albeit small, muscle fibres were obtained from the outset 

and commented that it therefore seemed that denervation had no effect on the 

mitotic division of myoblasts. In Galteviay however, it seems that the 

nervous system exerts its effect during almost the whole of the developmental 

period and that this effect may be divided into two parts. First, the 

nervous system affects the ability of presumptive myoblasts to form fibres. 

Second, it affects the ability of the formed fibres to reach their normal 

number and size. This point is elaborated in Chapter 11. 

From the kS to 60 hour stage onwards, when all five fasciculae of the 

dll muscle are present and look relatively normal ( although smaller than 
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in the normal animals), degenerating fibres were sometimes found, 

particularly in the region of the ventral fasciculae. Degeneration was not 

found consistently in any one part of the dl1 muscles and in some cases it 

was not present at all. This suggests that the degenerating fibres had 

been subject to some random influence. This influence was probably the 

cautery damage, lt was occasionally observed that the anterior part of 

the mesothoracic segment as well as the whole ventral part of the prothoracic 

segment was damaged as a result of the cautery operation. Thus damage at 

one end of the fasciculae and at their epidermal attachment may disrupt the 

constituent muscle fibres of the fasciculaev lt might be argued that the 

influence on muscle development, especially later muscle development, is 

not due to the lack of nervous influence but to the trauma induced by the 

operation or because of toxic chemicals released from the damaged tissue. 

However, in almost every case the remainder of the mesothoracic musculature 

was normal and in the control series only the muscles directly adjacent 

to the cautery were found to be affected. Thus, any general effect due to 

the operation itself was discounted as being the cause of the observed 

results of abnormal development of the denervated mesothoracic dorsolongitud-

inal muscle. In fact, one of the most striking recurring observations was 

of the ability of the animal to sustain fairly major damage and still develop 

more or less normally. In a few cases the operation almost completely 

disrupted the prothoracic segment so that no living connection could be 

seen with the posterior part of the body, yet in these animals the 

pterothorax did not greatly differ from those in which the prothorax was 

in tact. 

In section 7.3.2 pupae were deprived of the mesothoracic ganglion at 

an early stage of adult development, lt was noted that in 15 cases the 

wing nerve failed to make any connection with the prothoracic ganglion 

and that in these cases no mesothoracic dorsolongitudinal muscles were formed. 
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However, where the connection with the first thoracic ganglion was in tact 

the dorsolongitudinal muscles of the mesothorax appeared normal. This 

observation corresponds with that made where the mesothoracic ganglion of 

the larva was cauterised. Thus there appears to be a correlation between 

the non-development of the sensory nerves from the first wing and the non-

development of the 2d 1 muscles. However , the nature of this relationship 

can not yet be determined, lt is further investigated in Chapter 9. 
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FIGURE 20. Sites for pupal nerve cautery operations. 
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FIGURE 21. A. Transverse section of mesothorax in adult 
resulting from pupa denervated at 0-10 hours (x40). 

fb = fat body 

B. Transverse section of mesothorax in adult 
resulting from pupa denervated at 0-10 hours (x40). 
Arrows show 2d 11 to be differentiated Into two 
fasclculae. 

C. Transverse section of mesothorax in adult 
resulting from pupa denervated at 30-33 hours (x40). 
Arrows show development of small fibres. 

D. Transverse section of mesothorax In adult 
resulting from pupa denervated at 34-40 hours (x40). 
Arrow shows development of small fibres. 

E. Transverse section of mesothorax In adult 
resulting from pupa denervated at 40-48 hours (x40). 

F. Transverse section of mesothorax In adult 
resulting from pupa denervated at 64-72 hours (x40). 

G. Transverse section of mesothorax of normal adult 
(x40). 
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CHAPTER 8, THE ULTRASTRUCTURE OF CELLS OF ADULTS DERIVED 

FROM EARLY DENERVATED PUPAE. 

8.1 INTRODUCTION. 

In Chapter 7 it was noted that adults resulting from pupae 

denervated during the first **8 to 60 hours of adult development* somet imes 

had small rather featureless cells in the place where the dorsolongitudinal 

musclis were usually found. These cells were not uniformly found and as 

stated in Chapter 7 it is surmised that there must be some myoblast 

regression since the large masses of presumptive myoblasts, and myoblasts 

seen in the early stages of normal development, are not seen in the denervated 

adults and in such adults no other trace of the muscle anlagen was found. 

The aim of this brief chapter is to examine with the aid of the 

electron microscope the nature of the small cells mentioned above. 

8.2 METHODS. 

Adults resulting from pupae denervated at the 0 to 10 hour stage 

were used. Pieces of tissue from the area of the mesoscutel1 urn ( where 

the 2dl3 muscle is located ) were fixed and embedded for electron microscopy 

as described in Chapter 2. Thick epon sections of these pieces of tissue 

were examined in order to find the cells described above in the introduction. 

Thin sections of these cells were then taken. The controls were pupae 

at the 0 to 10 hour stage. Pieces of tissue were taken from the same area 

and the presumptive 2dl3 muscle was thin-sectioned for comparison with 

the eel Is above. 
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8.3 RESULTS. 

The cells from the denervated adult were found to be very similar 

to presumptive myoblasts taken from the control animals ( see Figures 22a, 

22b J both showing characteristics of undifferentiated or embryonic cells. 

In each case the cells possessed a relatively large nucleus with condensed 

chromatin and little cytoplasm. They contained many mitochondria, rough 

endoplasmic reticulum and many free ribosomes. 

8.** DISCUSSION. 

Both their position and appearance suggest that the undifferentiated 

cells found in the denervated adult are presumptive myoblasts which 

did not develop any further. Similar cells have been described by 

Hay (1970), Allen and Pepe (1965), .Dessouky and Hibbs (1965) for 

regenerating amphibian limbs and developing chick muscle. The cells 

looked capable of growing and dividing , having nuclei in which the 

chromatin is clumped rather than arranged around the outside as in the 

nuclei of formed muscle fibres. The significance of these *cells is 

further discussed in Chapter 11. 



FIGURE 22. A. Electron micrograph of presumptive 2dl3 
myoblasts in 0-10 hours pupa (x9200). 

n = nucleus 
m = mitochondrion 

B. Electron micrograph of undifferentiated cells 
found in the 2d 13 position in adult resulting 
from pupa which was denervated at 0-10 hours 
(x7000). 
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PART III. 

PRELIMINARY IDENTIFICATION OF THE 

NEURAL INFLUENCE ON THE 

DORSOLONGITUDINAL FLIGHT MUSCLES 

OF THE MESOTHORAX. 

(CHAPTERS 9 AND 10) 
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INTRODUCTION TO PART III. 

In PART.II it was .seen that the nervous system in Galleria mellonella 

exerts an influence throughout the period of adult development from late 

in the last larval instar to almost the completion of -adult development. 

Furthermore the neural influence which affects the development of the three 

mesothoracic dorsolongitudinal muscles is specifically located in the 

prothoracic ganglion. Several questions may now be raised about this nerve-

muscle interaction. These are: 

What is the mediating factor(s) involved in the interaction? 

How does this factor exert its effect? 

Is the neural specificity determined late in the last larval instar 

or before this at an earlier stage of larval development? 

Is the development of the mesothoracic dorsolongitudinal muscles 

dependent upon the presence of the sensory nerve from the first wing? 

The first question was judged to be inaccessible in terms of this study. 

lt is akin to the hunt for the inducing agents involved in the early tissue 

interactions of embryogenesis. The search for such an "inducing molecule11 

has concerned developmental biologists since the dawn of experimental 

embryology and has been fraught with difficulties and complications for 

as long ( Lash, 197*0. For example, the tissue culture media for vertebrate 

skeletal muscle contains chick embryo extract which facilitates the growth 

and differentiation of myoblasts. However, although Konigsberg (1971) 

and De la Haba and Amundsen (1972) obtained and partially characterised 

substances from the extract which had activity, the search for the active 

factor is still at a preliminary stage and neither the factor(s) nor 

its precise mode of action has yet been defined. The metamorphosing nerve-

muscle complex of the waxmoth is probably not the ideal system in which to 

search for a specific growth .substance. 
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There are two major theories which endeavour to explain the action 

of exogenous agents such as the nervous system or the above mentioned growth 

substances on myogenesis. Both have their foundation in vertebrate in vitro 

studies of developing muscle and are discussed more fully in Chapter 11. 

Briefly, however, one theory is that of Holtzer (1970) and states that the 

presumptive myoblast must undergo a certain number of cell divisions 

before reaching a qualitatively different or quantal mitosis. Only after 

this division can the myoblast fuse with other myoblasts and begin to 

synthesise myosin and actin. Holtzer also stated that " there is no 

evidence for any exogenous inducing agent, ' conditioned medium1, or 

esoteric growth factor which selectively enhances the synthesis of myosin 

or actin rather than permitting mitosis, fusion and elongation to occur11. 

Another theory, which has been put forward by Konigsberg (1971) and 

Konigsberg and Buckley (197*0 states that rather than some qualitatively 

different mitotic event, the initiation of fusion is a response to changes 

in the composition of the medium which are generated by the metabolic 

activities of the proliferating culture population. Whichever of the two 

interpretaions is correct,it may be observed that the influence in the 

system under study here appears to be a very proximate and specific one 

unlike the general growth factors of the vertebrate in vitro situation. 

A specific investigation into the nature of the neural influence 

was also considered to be outside the range of this particular study. 

The question could probably be best approached through tissue culture 

techniques similar to those employed by Kurtti and Brooks ( 1970), the 

initial object being to determine whether the neural influence is in fact 

a specific one or whether any direct nerve-muscle contact is sufficient 

to allow muscle development to continue. This question is discussed 

further in Chapter 11. 
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The last two questions, however, could be answered fairly readily. 

Accordingly, the aims of PART lit are outlined as: 

1) To determine whether the sensory nerve from the first wing influences 

the development of the mesothoracic dorsolongitudinal muscles. 

2) To determine whether the neural specificity is established during 

the last larval instar or at an earlier stage. 

3) To identify the neurons involved in both the larval and adult animals. 
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CHAPTER 9. PARTIAL CHARACTERISATION AND DURATION OF THE NEURAL INFLUENCE 

ON THE MESOTHORACIC DORSOLONGITUDINAL MUSCLES. 

9.1 INTRODUCTION. 

In Chapters 5 and 7 it was seen that in the absence of a connection 

between the sensory nerves from the first wing and the first thoracic 

ganglion there is no development of the mesothoracic dorsolongitudinal 

muscles except for the most dorsal dll muscle. Thus the question of whether 

the sensory nerve is necessary for the development of the dorsolongitudinal 

muscles is raised. The alternative explanation is that the motor nerves 

not only provide the influence which allows muscle development to take place 

but also provide orientation cues to the incoming sensory nerves. This 

Interpretation has been suggested by Wigglesworth (1953) for Ihodnius and 

McLean and Edwards (1976) for Acheta domesticus. The question could easily 

be answered by removing the imaginal disc for the first wing to determine 

whether the mesothoracic dorsolongitudinal muscles developed normally in 

the absence of the sensory nerve. 

In the earlier chapters it was also ascertained that the prothoracic 

ganglion of both the post-feeding last instar larva and of the pupa influence 

the ability of the larval dorsal musculature to transform into the adult 

muscles. Thus the question of whether larval neurons also service adult 

muscles occurs. Both cell death and cell division have been observed in 

the ventral nerve cord of the developing lepidopteran larva (Panov, 1963; 

Heywood, 1965; Ali, 1973 ). However Pipa (1973), referring to unpublished 

experimental work, noted that he had not observed cell divisions in the 

nervous system of the waxmoth pupa up until at least the 120 hour stage. 

Thus the possibilities exist that new neurons come into being around the 

time of the metamorphosis so that the larval muscles are innervated by 
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different neurons from those involved in innervating the adult, or 

that the same nerves which innervate the larva are also responsible for 

enabling the development of the aduV.t muscles to take place and for inner

vating the adult musculature. The question is still an open one 

although evidence is beginning to suggestthat larval motor neurons are 

retained for use by the adult ( Taylor and Truman, 197**; Casaday and 

Camhi, 1976; Heinertz, 1976; see also Chapter 10 of this thesis). 

In Chapter 6 it was seen that section of one of the connectives between 

the first and second thoracic ganglia of the larva has the same effect on 

the operated side as cauterisation of the first thoracic ganglion or section* 

of both the connectives; that is, the 2dl muscles on that side are represented 

by only one dorsal cluster of dl fibres, lt was also seen that such larvae 

exhibited normal behaviour and development and that neither their body 

shape nor movments were affected by the operation. This operation could 

therefore be used to determine whether denervation at an earlier stage also 

affects the ability of the larval muscles to transform or whether the adult 

nervous system develops at a later stage. Alternatively, the operation 

could show whether the nervous system is able to compensate for early 

denervation. 

The aims of this chapter are: 

1) To determine whether the sensory nerves from the first wing affect 

the development of the mesothoracic dorsolongitudinal muscle. 

2) To denervate the dorsal larval muscles at the fifth and sixth instars 

by severing one of the connectives between the first two thoracic 

ganglia and investigating the effects of this operation on the resulting 

adults. 
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9.2 METHODS. 

In the first experiment one of the imaginal discs for the first wing 

was cauterised in 20 post-feeding, wandering last instar larvae using the 

cautery apparatus described in Chapter $• The larvae were anaesthetised 

and placed in bright light under the dissecting microscope. The wing discs 

were located by their bundle of white tracheae which shows up clearly 

through the body wall ( see Figure 18b). The discs were cauterised for 

approximately 6 seconds. Operated larvae were placed in two petri dishes 

contain ing filter paper and allowed to pupate as normal. Resulting moths 

were fixed by injection with Bouin's solution, cut sagittally and 

dissected. The unoperated side of the animals was treated as the control 

in this experiment. 

In a second experiment 20 larvae from each of the fifth and sixth 

instars were treated by section of one of the connectives between the first 

two thoracic ganglia. The instars were determined by head capsule width 

as listed by Beck (1960). That is: 

fifth instar: Average head capsule width is .867 mm., range is .68 - 1.05 mm. 

sixth instar: Average head capsule width is 1.366mm., range is 1.08 - 1.58 mm. 

seventh instar: Average head capsule width is 2.10 mm., range 1.65-2.38 mm. 

Operated larvae were placed in petri dishes filled with food medium and 

.allowedto developto adults. Resulting moths were fixed and either 

dissected or sectioned. In each case, approximately 50% of the operated 

animals survived to the adult stage. An accurate record was not kept of 

non-surviving animals. The unoperated side was treated as the control in 

this experiment. This operation was restricted to fifth and sixth instar 

larvae since pre-fifth instar larvae were too small to operate on easily. 
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9.3 RESULTS. 

9.3.1 THE FIRST WING DISC REMOVED ON ONE SIDE. 

Table 14. A summary or results for the operation in which the first wing 
disc was removed on one side. 

Operated animals 20 
Dead larvae 3 
Abortive pupae 1 
Dead pupae b 
Adults 12 

In each case the area of the first wing ( operated side ) in the 

pupa was covered by a sheet of thin untanned cuticle. All of the emerging 

adults lacked one of the first wings. In each case the dissection of the adult 

showed that the wing nerve on the operated side was missing. In its place 

a few small nerves left the connective to contact part of the dorsoventral 

musculature and the dorsolongitudinal muscles which were intact and normal 

in all but one of the animals. In this animal 2dl2, 2d 13 and the ventral 

part of 2d 11 were missing on the operated side. In each case the wing nerve 

entered the connective at the normal place on the control side and the 

muscles on that side were normal. The thoracic ganglia occupied their normal 

positions. 

9.3.2 ONE CONNECTIVE BETWEEN THE FIRST AND SECOND THORACIC GANGLIA SECTIONED 

iN THE FIFTH, SIXTH AND EARLY SEVENTH INSTAR LARVA. 

14 adults were obtained from the fifth instar operated larvae, and 

9 from the sixth instar operated larvae. 7 of the adults from the fifth 

instar operated group were completely normal both with respect to nervous 

system and musculature while 7 resembled adults resulting from late seventh 

instar operated larvae ( that is, they lacked 2dl2, 2dl3 and the ventral 
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part of 2d 11 on the operated side) except that in two cases the adult 

possessed a small 2d 12 muscle on the operated side. One of the animals 

from the sixth instar operated group was completely normal as described above 

and 8 were abnormal as described above.( see Figures 19e S f). 

The occurrence of completely ,f normal11 moths suggests that either the 

operation was not successful in these cases or alternatively that the cut 

connectives were able to repair themselves. The fact that such moths were 

indistinguishable from ordinary animals with respect to their nervous 

systems and muscles suggests that the first alternative is more likely. 

S.k DISCUSSION. 

From the experimental results obtained in this chapter it is seen first 

that the incoming sensory nerve from the first wing has no effect on the 

normal development of the 2d 11 muscles and second that as early as the fifth 

instar denervation can result in the non-development of most of the 2d 1 

muscles. 

The nerve innervating those larval muscles which are destined to transform 

into the dorsolongitudinal muscles of the adult leaves the connective just 

anterior to the mesothoracis ganglion. Thus it is possible to destroy 

either of the first two thoracic ganglia without affecting this nerve. 

However,as noted in Chapter 5,the cautery operations usually damaged an 

area of tissue approximately 1 mm. in diameter and occasionally the cautery 

also affected the adjoining ganglia. lt is therefore probable that in 

some cases the motor nerves to the larval muscles were badly damaged as 

a result of the cautery. In such cases the incoming sensory nerve may 

have no defined pathway to the central nervous system. In Chapter 5 it 

was found that where the sensory nerve from the wing did not make contact 
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with the first thoracic ganglion this nerve was frequently multi-branched, 

with branches sometimes extending posteriorly and/or anteriorly. This 

finding is in contrast with the normal situation in whiah a single nerve 

follows a direct course to the connectives between the two thoracic ganglia. 

lt suggests that the sensory nerve may have M searched for11 orientation 

cues. That a motor nerve is necessary as a pathway guide for a developing 

sensory nerve has been suggested by both Wigglesworth ( 1953) and McLean 

and Edwards ( 1976). 

The fact that denervation during the fifth larval instar could have 

the same effect on the adult musculature as denervation in the late last 

larval instar suggests first of all that larval neurons are involved 

in the interaction between presumptive adult muscle and the nervous system 

at metamorphosis. And second it suggests that from as early as the fifth 

instar the nervous sytem has no capacity for regulation, that is, other 

neurons do not take the place of the lost neural influence. Furthermore, 

this is not due to the fact that new larval neurons ( from the second 

thoracic ganglion, at least ) have no pathway guide out to the presumptive 

adult muscles since the nerve to the dorsal larval muscles remains in tact 

and the most dorsal part of 2d 11 is able to develop as normal. 
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CHAPTER 10. IDENTIFICATION OF THE MOTOR NEURONS SUPPLYING THE 

DORSAL LONGITUDINAL MUSCLES OF THE MESOTHORACIC 

SEGMENT. 

10.1 INTRODUCTION. 

One of the questions posed in the introductory remarks to this thesis 

was that of Edwards (1969) who asked whether functional larval neurons 

are incorporated into the adult nervous system. Edwards (1969) a n d 

Bentley (1973) have observed that in hemimetabolous insects the basic 

elements of the central nervous system are present at hatching although 

in many cases they have yet to undergo substantial differentiation. In the 

Holometabola,too, there is direct as well as indirect evidence that neurons 

present in the central nervous system of the larva are also present in the 

adult. Panov (1963) and Al i (1973) observed that while neuronal death 

in the ventral nerve cord occurred throughout the 1ife of the larvae of 

Antheraea pernyi and Pieris brassicae respectively there was not enough 

mortality to suggest that the whole ventral nerve cord is replaced by a 

new one at metamorphosis. Heinertz (1976) studied the innervation of the 

growing dorsolongitudinal muscle in A. pernyi and noted that at its 

termination on the dorsal muscles of the larva an existing nerve gained 

new branches and lost old ones. Nuesch and Stocker (1975) and Stocker 

and Nuesch (1975) looked at the ultrastructure of the same nerve through 

the course of metamorphosis and observed degenerating and regenerating 

nerve terminals as well as dense core vescicles in the terminals which, 

they hypothesised, might contain the trophic substance(s). Taylor and 

Truman (197*0 investigated the change in the motor neuron population 

of the fourth abdominal ganglion of Manduca sexta by back-filling the 

nerves of this ganglion with cobalt at the last larval, pupal and adult 

stages. They found that while 12 of the 70 larval motor neurons were lost 

at metamorphosis and 8 new neurons appeared,the bulk of the motor neuron 
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population which was present at the larval stage was retained until the 

emergence of the adult insect. After ecloslon there was a loss of a 

further *f0 larval motor neurons. Metamorphic changes in one of these larval 

cells which was retained by the adult insect were later studied by Truman 

and Reiss (1976), who found that although the cell body was retained its 

dendritic morphology was quite changed. Casaday and Camhi (1976) made 

a similar observation when they looked at the metamorphosis of the flight 

motor neurons to the dorsolongitudInal muscles of Manduoa sexta and found 

thSt neurons which were present in the larva were also there in the adult 

but that their dendritic fields had considerably enlarged. 

lt has been shown that in Galtevia denervation at the larval stages 

influences the ability of the presumptive mesothoracic dorsolongitudinal 

muscles to develop. The fact that denervation of the fifth larval instar 

results in a moth which lacks most of the dorsolongitudinal flight muscul

ature on the operated side suggests that the neurons responsible in the 

nerve-muscle interaction are present from an early stage of the larva; 

lt is noted, however, that the experiments showing this involved dissection 

of one of the connectives between the first two thoracic ganglia of the 

larva. A second interpretation is therefore possible, that is that adult 

neurons which are located in the prothoracic ganglion come into being at 

some stage during larval life but are unable to find their way out to the 

presumptive 2d 1 muscles in the absence of already established nerve pathways. 

The aim of this chapter is to identify the motor neurons which innervate 

the dorsolongitudinal muscles of the fifth and seventh instar larvae and 

of the adult waxmoth. 
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10.2 METHODS. 

The nerve supplying the dorsal longitudinal muscles of the fifth and 

seventh instar larvae and those supplying the dorsolongitudinal muscles 

of the adult were back-filled with cobaltous chloride as described by 

Taylor and Truman (197*0. The thoracic ganglia were excised from the insect 

and placed in a saline filled well. The nerve being filled was draped over 

a paraffin oil barrier into another well containing 1 M CoCK . The neurons 

were then allowed to fill by diffusion of the cobalt into the proximal 

stumps of the nerve. After filling ( h to 15 hours, the adults taking the 

longest time to fill ) the ganglia were reacted with 1 % ammonium sulphide 

(_ Pitman, et al., 1972), fixed in 70 % ethanol, dehydrated through an 

ethanol series, cleared in cedarwood oil and whole-mounted in DPX. 

Drawings of the ganglia were made when the preparation was first fixed and 

after it had been whole-mounted. Cells were numbered according to their 

positions in the ganglia. The relative positions of the cells was judged 

by eye using the connectives as land marks. Four successful preparations 

were obtained for the fifth instar larva, ]k for the seventh instar larva 

and 6 for the adult. Many attempts were necessary to obtain successful 

results for the adult stage where the nerves to the dorsolongitudinal 

muscles are relatively short and fine. Great care was needed to avoid 

damaging the adult nerves. 

10.3 RESULTS. 

10.3.1 THE MORPHOLOGY OF THE NERVES TO THE LARVAL AND ADULT 

DORSAL LONGITUDINAL MUSCLES. 

The nerves to the dorsal longitudinal muscles of the larva and those 

to the dorsolongitudinal muscles of the adult are shown in Figures 23 and 2k< 
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At least 10 animals were dissected to obtain these drawings for each stage. 

lt is noted that the larval nerve not only innervates those muscles which 

are destined to become the dorsolongitudinal muscles of the adult ( muscles 

1,2,7,8,10,11, 14, 9 and 15 ) but also the other dorsal longitudinal 

muscles ( muscles 3,^,5,6,16 and 17 ) some of which probably become the 

pleurodorsal muscles of the adult as noted in Chapter h. In addition, 

the larval nerve has several unnamed branches which leave the nerve as 

shown in Figure 23. The major one of these leaves the nerve near to its 

exit from the connective and in each case care was taken to avoid filling 

this branch. 

10.3.2 IDENTITY OF THE MOTOR NEURONS INNERVATING THE DORSAL 

LONGITUDINAL MUSCLES OF THE LARVAL AND ADULT WAXMOTHS. 

The results are summarised in Table 15 and Figure 25. lt can be seen 

that the motor neuron populations of the fifth and seventh instars are 

very similar. Nine somata were located In the prothoracic ganglion of 

which 8 were found in almost every case. Number 9 was found consistently 

in the fifth instar larvae but in only three of the seventh instar larvae. 

Numbers 1 - k were large and situated at the base of the prothoracic ganglion 

near to the entry of the connective. Their exact arrangement differed 

slightly from animal to animal. Sometimes they were arranged along a line 

and sometimes in a small cluster. Somata 5 ~ 8 were situated to the side 

of numbers 1 - k and ipsilateral to the parent nerve. They were smaller than 

somata 1 - k. Number 9 was centrally located. All of these cells were 

ventrally situated. In the prothoracic ganglion there was no difference 

between the instars except for the variable occurrence of cell 3. 

Eleven somata were located in the mesothoracic ganglion. Number 10 

which lies contralateral to the stained nerve was found consistently 
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( k/k fifth instar larvae, 10/1^ seventh instar larvae )• Number 11 was 

a small somata situated close to number 10 and found in 5/1^ seventh instar 

larvae but not at all in the fifth instar preparations. Somata 12 and 13 

also occurred variably, one of them being present in three of the fifth 

instar larvae and also in three of the seventh instar larvae. However it 

was not possible to determine which one of them had stained. Both 12 and 

13 were present in five of 'the seventh instar larvae. Somata 1k - 18 

were situated contralateral to the stained nerve and below number 11. 

This group of somata was not found at all in the fifth instar preparations 

but was present in 5/1^ of the seventh instar larvae. Somata 19 and 20 

which were situated at the base of the mesothoracic ganglion were found 

in all of the fifth instar larvae and in l/\k of the seventh instar larvae. 

In addition, two of the seventh instar larvae had one of the two somata. 

Of the 20 marked somata numbers 1 - 8 in the prothoracic ganglion 

and numbers 10, 12/13, 19 and 20 were found consistently in both larval 

instars as a result of cobalt staining. The remaining somata, with the 

exception of number 9, occurred mainly in the seventh instar preparations 

and were largely represented by the small cluster of somata numbers \h - 18. 

Six preparations were successfully obtained for the adult moth. 

Somata 1 - k were located in the anterior ganglion and had the same location 

as larval somata 1-4. They-were found consistently throughout the six 

preparations. Somata 5 and 7 occupied similar positions to the larval group 

5 - 8 and were of a similar size. They were found in three of the prepar

ations. One of these somata stained in an additional preparation. The axons 

leading to these prothoracic neuronal cell bodies were very tightly coiled. 

In the larva similar axons were seen to be twisted in the whole mounts 

but not to the same extent. 
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In the composite ganglion only one soma was found. This was located 

in the anterior half of the ganglion and occupied the same position as 

larval number 10. In addition, it was noted that in some other preparations that 

while the soma did not stain an axon pathway leading across to a similar 

position was seen. Dendrites from this axon were seen to branch off on the 

same side as the stained nerves and to pass down towards the waist of 

the composite ganglion. 

Table 15. This table shows which cells were stained in the fifth and 
seventh instar larvae and adults as the result of cobalt 
staining of the nerves to the dorsal longitudinal muscles. 

SOMA NUMBER 
-prothoracic ganglion --mesothoracic ganglion 

1 2 3 ^ 5 6 7 8 9 10 11 12 13 11* 15 16 17 18 19 20 

i 1 ' X X X X X X X X X X X X X 
fifth 2 x x x x x x x x x x x x x x 
'nstar 3 x x x x x x x x x x x x x 

4 x x x x x x x x x x x x 

x x 
x x x x 
x x 

x 
X X 

X X X X X X X 
X X X X X X 

X X 

eventh 
nstar 

adult 

3 
k 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

1 
2 
3 
4 
5 
6 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

* 
JU 

•k 

k 

k 

X 

X 

X 

X 

X 

X 

X 

X 

* 
* 
* 
* 
k 
JU 

X 

X 

X 

X 

X 

X 

X 

X 
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x = present in the larva. 
* = present in the adult. 

Where x or * appears between two categories this indicates 
that no distinction could be made between the two somata. 

Numbers for each instar indicate replicates. 
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FIGURE 23. Innervation of dorsal longitudinal 
muscles of larval mesothorax. 

Numbers refer to the dorsal larval 
muscles. 



Figure 23 
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FIGURE 2k. Adult thoracfc nervous system 
showing nerves which connect to 
the 2d 1 muscles. 

dl1a-e = nerve to first dorso-
longitudinal muscle. 

d12 = nerve to second dorso-
longItud inal muscle. 

d13 = nerve to third dorso-
longltudinal muscle. 

^J 



Figure 24 



FIGURE 25. A, Neuronal cell bodies belonging to the nerve 
to the dorsal muscles of the larval mesothorax. 

B. Neuronal cell bodies belonging to the nerves 
to the 2d 1 muscles of the adult mesothorax. 

Numbers identify stained somata. Somata outlined 
with broken lines are dorsal. Somata outlined 
with solid lines are ventral. 
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10.4* DISCUSSION. 
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The results in this chapter show: 

1) That the composition of the motor neurons of the nerve which supplies 

the dorsil longitudinal muscles of the larva is very similar in 

most respects in both the fifth and seventh larval instars. 

2) That the cells of the motor nerves to the adult dorsolongitudinal 

musd-les occupy the same positions as cells found in the larva. 

Cobalt staining of the motor neurons to the dorsal longitudinal muscles 

of the fifth and seventh instar larvae appears to show that there is a 

complement of cells which does not vary during the course of later larval 

development. There is a cluster of cells which stain in several of the 

seventh instar larvae which was not found at the earlier stage, lt is 

possible that this cluster had come into being after the fifth larval 

instar or that the cells belonged to one of the more proximal branches of 

this nerve which was inadvertently stained. 

The cell bodies of the adult nerve are very similar in both position 

and size to those found in both the fifth and seventh instar larvae. Because 

of the difficulties of staining the fragile metamorphosing nervous system 

direct proof was not obtained that these adult cells were the same ones 

which were present in the larva. But the similarity of the cells in the 

two nervous systems, together with the results obtained from the denervation 

experiments argues strongly that the same cells are involved in each case. 

In addition, Casaday and Camhi (1976) stained the nerve to the dorsolong-

itudinal muscles of the metamorphosing Manduoa sexta and found that the 

same cells stained consistently throughout the time series from an early 

pupal stage to the adult. The cells which stained in Manduoa are similar 

in relative size, number and position to those found in Galleria. 



(126) 

In each case the anterior ganglion contains six fairly large somata 

arranged in two groups of four and two somata. Each composite ganglion 

also possesses a soma which lies contralateral to the stained nerve. 

Manduca has one additional small soma in the anterior ganglion ( found in 

only one Galleria preparation ) and one large midline soma in the composite 

ganglion which was not found at all in Galleria. 

In the two orthopferans, Teleogryllus oceanicus and Schistocerca, the 

mesothoracic dorsolongitudinal muscle is served by five motor neurons 

( Bentley, 1973), four of whose cell bodies are found in the prothoracic 

ganglion occupying similar positions to somata 1 - k of Galleria while 

the fifth is found in the mesothoracic ganglion in a similar position to 

soma 10 of Galleria. In addition, the arborisation of number 10 which was 

noted in Galleria is also found in Teleogryllus. Studies of Teleogryllus 

have also shown that these cells to the dorsolongitudinal flight muscles 

are present throughout most of post-embryonic development ( Bent ley, 1973), 

thus verifying Edwards' (1969) statement that except for the higher brain 

centres the architecture of the central nervous system is laid down in 

embryonic life. Although this thesis is not concerned with the question 

of homologous cells the similarity amongst the four species, both larva 

and adult, of Teleogryllus, Schistocerca, Manduca and Galleria is worth 

the ment ion. 

Of direct interest to this study is the fact that the same neurons 

are shown to have two quite different functions in innervating the dorsal 

musculature and in both inducing the development of and innervating the 

dorsolongitudinal flight muscles of the adult. Casaday and Camhi (1976) 

noted that since larval muscles are generally slowly contracting and adult 

flight muscles are twitch muscles this means that the same motor neurons may 

innervate muscles which are quite different functional types. 



GENERAL DISCUSSION TO THESIS. 
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CHAPTER 11. GENERAL DISCUSSION. 

The cell, tissue and organ interactions of both development and the 

normal functioning organism may include endocrine regulation, regulation 

of the internal milieu by the specialised functions of various organs, 

the induction reactions of embryogenesis and various interactions between 

nerves and muscles. 

While the role of the nervous system is usua-lly thought of in terms of 

its ability to relay messages both from the environment to the organism 

and from the central nervous system to effector organs it also has a role 

in the maintenance and development of other tissues. This study has been 

concerned with the trophic effects of the nervous system on the developing 

muscle tissue during the metamorphosis of Galleria mellonella* For the 

purposes of this study trophic processes were defined as processes which 

maintain and renew the structural and functional integrity within an organism 

in the presence of changing environmental conditions. ( after Boone and 

Bittner, 197*0. Such trophic processes are not necessarily considered to be 

different from the influence of nerve activity. The two main areas of 

questions arising out of this study concern first the nature of the interaction 

between nerve and muscle and second, the specificity of this interaction. 

The trophic effects of nerve on muscle have been studied for both 

vertebrate and invertebrate systems. In vertebrates the role of the nervous 

system in both regeneration and normal maintenance and growth of the muscle 

has been well documented ( see Singer, 19&5; Guth, 1968; Thornton and 

Bromley, 1973 ). Denervation of vertebrate skeletal muscle results in loss 

of muscle function, rapid degeneration of nerve terminals and atrophy of 

the muscle tissue, lt also results in a change of the phenotypic appearance 

of the muscle. Thus it has been found that denervation of slow and fast 
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muscles results in alterations of myoglobin, enzymes and speed of contraction 

to levels intermediate to those between normally fast and slow muscle 

fibres. As a result of experiments in which a nerve to a fast muscle 

was implanted into a slow muscle while leaving the original innervation 

in tact, it was found that despite the fact that the nerve did not establish 

new motor end plates it did induce the conversion of a considerable number 

of fibres from slow to fast fibres ( Fex, 1969, quoted by Close, 1972). 

Close (1971) reported that he had performed a similar operation and obtained 

similar results to Fex. Close (1972) emphasised that in both cases the 

results were preliminary and required rigorous investigation in order to 

determine whether Guth's (1971) conclusion that H there are neural factors 

which influence gene expression in the muscle fibre which may be demonstrable 

even in the absence of neuromuscular connect ions11 is entirely true. 

A further consequence of denervation is the change in appearance of the 

subsarcolemmal nuclei. Tower (1935) noted that within two weeks of 

denervation the nuclei increased! profoundly in number, became rounded in 

outline and exhibited a more dispersed -chromidial substance. Guth (1968) 

commented that these findings have since been verified by the chemical 

finding of increased DNA in denervated muscle. 

In addition to the effect of the nervous system on the normal main

tenance of muscle tissue it also has a role in the regeneration of vertebrate 

limbs. ( Singer, 1952, 1965). Singer ('1952) found that in the Urodela the 

regeneration of amputated legs depends on the presence of nerves in the 

stump. Similarly, S.W. Holtzer (1956) noted that the presence of the spinal 

cord at the amputation plane is necessary for regeneration. Singer found 

that the nervous action on regeneration wat a nonspecific, stimulatory 

one rather than a specific morphogenetic effect. He discovered that the 

quantity of nerve fibres was important for the regrowth of Urodela body 

parts and stated the concept that a threshold number of fibres is necessary 
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for the reproduction of limbs. A quantity less than this was found to be 

ineffective in evoking growth.Instead of limb regeneration the wound healed 

over and the skin regenerated. Above the threshold number of fibres 

regeneration always occurred. Furthermore, the principle of quantitative 

nerve control rejected the idea that one or other of the nerve components 

( motor, sensory or sympathetic) is responsible for the neural action in 

regeneration. Thus Singer (1952) stated that it is reasonable to assume 

that all fibres irrespective of their origin have the quality necessary 

for the regeneration process. However the nature and size of the regenerate 

was not correlated with total fibre quantity. In a review article, Singer (1965) 

quoted examples of studies which have shown that rlimb regeneration can 

be successfully induced by nerve augmentation in the frog, Rma9 and in the 

lizards, Anolis, Lygosoma and Lacerta. Similarly, Mizell (1968) reported that 

young oppossum limbs can regenerate when additional nervous tissue is 

supplied. 

A similar, but less extensive, range of investigations has been carried 

out amongst the invertebrates. Coe (1930, quoted by Rose,1970) found that 

when small pieces of nemertean worms were cut up so that some included nerve 

cord and some did not, those with nerve cord regenerated while those without 

consistently failed to regenerate. Morgan (1902, quoted by Herlant-Meewis,1964) 

demonstrated the importance of the nervous system in cephalic regeneration 

of Lumbricids. In these worms amputation of the most anterior segment of 

the body was always followed by regeneration so long as some nerve cord 

was retained, but if the nerve cord was cut away for a distance of several 

segments from the amputation site there was no regeneration of the cephalic 

region. Herlant-Meewis (196*0 commented that the importance of the 

nervous system in both regeneration of the cephalic and caudal regions in 

annelids has now been well established. Contact between the regenerating 

nerve fibres and de-differentiattng cells at the wound site is necessary 
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for Initiating activation of these cells, Needham (19^5, 1953) severed 

the nerve fibres at the base of the coxa of the isopod Asellus aquaticus 

and then amputated the leg. He found that regeneration almost always 

occurredifrom the operated stumps but that such limbs were only about 

two-thirds the length of control limbs. 

In Insects the general phenomena of muscle development, degeneration 

and regeneration, have been widely studied ( see review of Finlayson, 1975)• 

The control mechanisms in these processes are less well known. Such control 

mechanisms, however, appear to fall into two main categories, these being 

neural »and hormonal ( or a combination of both), although a wide range 

of external stimuli may also be involved. 

it has been found that denervation of insect skeletal muscle is 

accompanied by a reduction in muscle mass ( Bodenstein, 1957; Guthrie, 1962), 

cross-sectional area ( Rees and Usherwood, 1972; Nuesch and Teutsch, 1968, 

quoted by Finlayson, 1975) and resting membrane potential (Usherwood, 1963a). f 

Usherwood (1963a,b),working on the extensor tibial muscle of Schistocerca 

gregaria, found that muscle innervated through either a fast or a slow 

nerve degenerated after denervation whereas one of the two nerve fibres 

could be severed without harm if both innervated a single muscle fibre. 

Regeneration studies on nerves have shown that in Periplaneta the cut 

motor nerve regenerates ( Bodenstein, 1957; Guthrie, 1962, 1967; Jacklet 

and Cohen, 1967; Young, 1972). Primary regeneration of the denervated 

muscle is achieved by a few widely distributed axons and may occur in a 

few days. The connections are never established as perfectly as before 

but the outcome of regeneration is a functional muscle. The effect of the 

nervous system on regeneration in insects has been studied by a number of 

authors including Suster (1933) who found that regenerated legs of 
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Sphodromantis had no muscles after extirpation of the parent ganglion. 

Bodenstein (1957) and Kopec (1923) working on Periplantea andLymantria 

respectively denervated a segment, removed the segmental appendage and 

obtained normal regeneration. However,it has been noted that in neither 

case was the possibility of reinnervation excluded ( Nuesch, 1968) and 

in the case of Periplaneta the difficulty of preventing reinnervation 

has been commented on ( Young, 1973). 

An understanding of the nervous system's role in controlling muscle 

development has come about through the experimental manipulation of a 

number of insects, notably the Lepidoptera. lt has long been clear that 

denervation of the insect muscle results in atrophy of that muscle 

( Usherwood, 1963a; Bodenstein, 1955). However,when carried out at meta

morphosis denervation has sometimes proved to have a fundamental effect 

on the course of muscle development. This is particularly true of the 

Lepidoptera where experiments involving both the abdominal nervous system 

( Finlayson, 1956, 1960; Lockshin and Williams, 196A, 1965a-d) and the 

thoracic nervous system ( Kopec, 1923; Williams and Schneiderman, 1952; 

Nuesch, 1968) have shown that the nervous system plays a critical role 

either in maintaining larval muscles through the metamorphosis or in 

enabling the growth of the imaginal musculature to occur. 

This study has shown that in Galleria the control system involved in 

the development of the dorsolongitudinal flight muscles is similar to 

that found in other Lepidoptera; that is, the nervous sytem in Galleria 

influences the ability of larval muscles to transform into functional 

adult muscles. This influence is present from at least the fifth larval 

instar. Thus, denervation of the larva was seen to result in adults which 

lacked specific muscles depending on which part of the nervous system had 

been damaged. Similar denervation during the early pupal stages likewise 
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resulted in the non-development of adult muscle. Denervation at later 

stages of the pupa, however, resulted in adults which possessed a small 

number of normal but diminished muscle fibres. The later the stage at 

which denervation took place the more normal was the resulting muscle. 

Thus it is clear that the neural influence does not have a simple trigger 

effect on the development of the presumptive adult muscle but is necessary 

throughout the whole period during which the adult muscle is developing. 

As noted in Chapter 7 the nervous system in Galleria appears to have 

two quite different effects on the developing muscle. These are: 

1) During the late larval and early pupal stages ( up until the 2k hours 

pupa for the developing mesothoracic dll muscle ) it influences the ability 

of the presumptive myoblasts to develop further. Thus denervation during 

the late larva or early pupa was sometimes seen to result in the occurrence 

of n undifferentiatedM cells at the adult stage, that is, cells which look 

undifferentiated with respect to the myoblast cells found at a later stage 

of development. 

2) From the 25 " 30 hour stage onwards ( for the developing 2d 11 muscle) 

the nervous system influences the amount of muscle formed without affecting 

the ability of the muscle cells to differentiate as normal. In normal 

pupae at the 25 - 30 hour stage the 2d 11 muscle is represented by a single 

mass of myoblasts which is beginning to divide into fasciculae. The 

myoblasts have just started to fuse into fibres which at this stage are 

thin strands one or two cells in diameter. There are many free myoblasts 

amongst which numerous dividing cells can be seen . The 2dl1 muscle in 

adults resulting from pupae which were denervated at the 25 " 30 hour stage 

is represented by a small number of normal but tiny fibres which occupy 

the position of the normal 2dll muscle. This demonstrates the ability 

of the denervated anlagen to differentiate further in the absence of the 

appropriate nerve. 
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In Chapter k it was also noted that the definitive number of dll 

fibres is formed at the 2k hour stage in the normal pupa* In the 

experimentally denervated animals, however, an approximately normal number 

of fibres is not achieved until the 50 hour stage. At the 2k hour stage 

the normal 2d 11 fibre possesses one to two nuclei in any one cross-section, 

whereas the 50 hour denervated adult has approximately five nuclei 

in any one cross-section, lt therefore appears that up until the 50 hour 

stage the fibres and myoblasts must be able to rearrange themselves. 

A comparison can be drawn between these findings and the postulates 

made about the factors which influence the development of vertebrate muscle. 

While insect skeletal muscle is said to have developed independently to 

closely resemble vertebrate skeletal muscle ( Elder, 1975), insect muscle 

tissue has a common origin with vertebrate muscle ( Willmer, I960; 

Hoyle, 1969). Thus it is possible to compare the process of myogenesis 

as it occurs in both systems. In Chapter k it was noted that there are 

some similarities between the development of the dorsoJongitudinal muscle 

of GaVlevia and the development of vertebrate muscle. Thus it was found 

that dividing myoblasts were peripheral to fibres and probably not part of 

the formed fibre. This is consistent with the observation that nuclei 

which are dividing do not translate for muscle protein ( Stockdale and 

Holtzer, 1961). 

lt has been postulated that myoblasts may fuse only at a certain stage 

of the cell cycle (Holtzer, 1970; Dienstman and Holtzer, 1975). Further, 

it has been noted that there is no fusion in very young cultures of 

myoblasts ( Okazaki and Holtzer, 1966; Holtzer, 1970). Only once they 

have reached a certain stage do myoblasts appear to fuse and to translate 

for specific muscle proteins. In Chapter 8 it was shown that "undiffer

entiated" cells are found in the fully developed Gallevia which result 
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from pupae denervated at an early stage. Such cells were found in the 

positions normally occupied by the missing 2d 1 muscles. As already 

stated these cells do not resemble the typical myoblast cells but rather 

appear to be typical embryonic or undifferentiated cells. Thus it appears 

that early denervation has had an influence on the ability of these cells 

to develop beyonjj the precursor myogenic cell stage, 

Okazaki and Holtzer (1966) and Holtzer (1970) postulated that not only 

do myoblast cells have to be at a certain stage of the cell cycle (G1) 

before they are able to differentiate further, fuse and translate for 

muscle protein, but also that the myoblast precursors must have undergone 

a certain number of cell divisions before they are able to develop to 

a terminally developed state at which they can sythesise myosin, tropomyosin 

and actin. They must undergo a terminal, or quantal, mitosis which is 

qualitatively different from the previous proliferative divisions. 

Moreover after this quantal mitosis the myoblast withdraws from the cell 

cycle to fuse and to begin synthesis of the specific muscle proteins. 

lt is possible that in Galleria the mechanism by which denervation 

has prevented myogenesis from occurring is via the ability of the presumptive 

myoblasts to divide the requisite number of times. This supposition seems 

more likely when the result- of denervating pupae at successive stages 

of development is considered, lt was found that the later the stage of 

adult development at which denervation occurred the more normal was the 

resulting muscle. Fibres denervated from the 25 - 30 hour stage onwards 

appeared normal with respect to their internal structure but were few in 

number and far smaller than normal. Thus after this stage, denervation 

is seen to have an effect on the amount of muscle present but not on the 

structure of that muscle. This result parallels those of Nuesch (1968) 

and Basler (l969) for Antheraea pernyi. 
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In adults resulting from pupae which were denervated from the 

25 " 30 hour stage onwards the 2d 11 muscle is present in the form of 

normal muscle fibres even though up until approximately the 55 hour stage 

small ,f undifferent iated11 cells can still be seen amongst these fibres. 

However, up until the 96 hour stage ( denervated adult) the muscle fibres 

are smaller than in the normal animal. When the number of nuclei per 

fibre in any one cross-section is examined it is found that not until 

somewhere between the 98 and 120 hour stage does the denervated adult 

possess the same number of nuclei as the normal adult. Thus the lack of 

muscle volume from the 25 - 30 hour stage onwards could be due to the 

reduced number of nuclei and therefore the reduced ability of the fibre 

to synthesise the requisite amount of muscle protein. This would explain 

both the reduction in fibre volume and the small number of the fibres. 

The reduced number of nuclei may result from either a lack of myoblast 

divisions or from the degeneration of existing nuclei. The second 

hypothesis could not be a general phenomenon since normal nuclei are 

present in the fibres and normal muscle has been formed despite the 

denervation. The hypothesis that innervation affects the ability of 

the muscle cells or their precursors to divide could explain both of the 

observed effects of denervation (that is, the non-differentiation of cells 

denervated early during adult development and the lack of growth of muscle 

denervated at a later stage) if Holtzer's hypothesis concerning a requisite 

number of mitoses in order for the myogenic cells to reach the myoblast 

stage is accepted. •. 

Holtzer's hypothesis is also consistent with the observation of 

Kurtti and Brooks (1970) that cells obtained from a pure culture of three 

day old dorsolongitudinal muscle from several lepidopteran species failed 

to divide at all after the first two days and did not differentiate well 

whereas cells obtained from a mixed culture continued to divide and 
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eventually to fuse into myotubes able to produce contractile proteins 

( the mixed culture was obtained by dissociating growing tissues of the 

head). Kurttl and Brooks (1970) speculated that the missing influence 

in the first culture might be the nervous system while in the second case 

the nervous system was probably represented ( although no organised 

neuromuscular connections can have been present since these, would have 

been precluded by the cell dissociation procedures). Thus in the first 

case it appears that an additional factor is involved in the ability of 

the myoblasts to fuse and differentiate. 

This explanation, however, differs from that of Nuesch and 

Bienz-Isler (1972) in that these authors stated that mitotic divisions 

of myoblasts were not affected by denervation,while the numerous amitotic 

divisions which occur after the fibres have formed are arrested by denervating 

the muscle involved. Such amitotic divisions wefce not observed in Galleria. 

In addition, Holtzer's hypothesis concerning a requisite number of mitoses 

and a quantal mitosis which Is qualitatively different from those previously 

occurring in the history of the presumptive myoblasts has been seriously 

questioned. In a series of experiments Konigsberg and Buckley (197*0 

showed that during the initial, purely proliferative phase of culture 

development the cells alter the medium in their immediate vicinity in 

such a way that although they continue to divide, the rate at which they 

traverse the cell cycle becomes highly variable, many cells spending more 

time in Gl. Thus they found that the more concentrated was the myoblast 

culture the sooner myoblast fusion took place. The initiation of fusion 

therefore seems to be density-dependent. From this, these authors 

hypothesised that since myogenic cells fuse in Gl it is not unreasonable 

to assume that some activity or activities required for fusion occurs 

during a part of every Gl period. Thus if Gl was protracted the probability 

would be increased that these G1 activities would attain some critical 
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threshold eventually resulting in fusion when the G1 time of a big 

enough fraction of the cell population had exceeded some minimum value. 

However, as Holtzer (1970) and Konigsberg andBuckley (197*0 have 

pointed out, it is difficult to prove that only myogenic precursors of 

a certain age can become myoblasts because the presumptive myoblasts 

cannot be distinguished from other presumptive mesodermal cells. 

This makes it difficult to count the critical number of cell cycles. 

Konigsberg and Buckley's findings with respect to a density-dependent 

fusion promoting factor do not necessarily negate Holtzer's hypothesis 

since this factor could also promote mitosis. Harder to explain are 

Konigsberg and Buckley's findings, based on continuous labelling studies, 

that not only is the same maximum percentage of unlabelled, unfused cells 

reached in both prefused cultures and in fusing cultures of varying ages 

but that this maximum is the same at all time intervals ( virtually 100%). 

As these authors point out, although the quantal mitosis notion suggests 

that myoblasts actual Iy withdraw from the cell cycle before fusing, their 

results indicate that in healthy muscle cultures no cells are withdrawn 

for any significant period at any time. They note^therefore, there seems 

to be no difference between any of the non-fused myoblasts; that is, there 

are no myoblasts in the culture which are qualitatively different from 

any of the other myoblasts. 

Nevertheless, Holtzer's hypothesis was considered more attractive 

In terms of this thesis because one factor explains both of the observed 

effects of denervation; that is, one factor which promotes mitosis could 

explain both the early non-differentiation of presumptive myoblasts and 

the later lack of growth of the differentiated muscle fibres. If 

Konigsberg and Buckleyfs hypothesis regarding environmental influences 

on muscle development is accepted then both differentiation and growth 
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factors must be postulated. Moreover, these factors must be very specific 

since in the absence of the first thoracic ganglion most of the 

mesothoracic dorsolongitudinal muscles do not develop while close by, 

and directly adjacent in the case of 2d 11, the other mesothoracic 

musculature is able to develop as normal. The influence is therefore 

different from the general growth substance found in the environment of 

the muscle cells cultured in vitro by Konigsberg and Bucjcley. 

Amongst both vertebrates and insects there are instances where the 

growth of muscle is independent of the nervous system. In vitro cultures 

of myoblasts have been found to differentiate into striated muscle fibres 

in which the contractile material, sarcoplasmic reticulum and transverse 

tubular system differentiate in a manner analogous to the in vivo 

situation ( see review of Nelson, 1975). Harrison (1904) found that the 

presence of nerves was not necessary for muscle development in the developing 

amphibian embryo, lt has subsequently been found that in amphibians and 

reptiles the embryonic growth of muscles is not dependent on the presence 

of nerves but that in birds and mammals the presumptive myoblasts can 

develop only to the myoblast stage in the absence of a neural influence 

( Jacobson, 1970). Yntema (1959) found that limbs which developed in 

the denervated Urodele embryo were later capable of regeneration in the 

denervated state. Steen and Thornton (1963) affirmed the results of 

Yntema and found that when the internal mesodermal tissue of an aneurogenic 

limb was replaced by mesodermal tissue froma normal animal regeneration of 

the amputated limb occurred. 

Singer (1952), in an attempt to explain these anomalies to the general 

case of nerve-dependent regeneration in vertebrates postulated that in 

normal development the tissues of the limb becomenaddicted11 to their 

innervation whereas at earlier embryonic stages there are many growth 
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substances which are not specifically located in any one tissue. 

As stated earlier in this discussion the role of the nervous system 

in the development of insect musculature has largely come about through 

a study of the Lepidoptera where in the four species, Lymantria dispar* 

Antheraea polyphemus* A. pernyi^and Galleria , mellonella it has been 

shown to be necessary if the adult muscles are to develop. However, the 

nervous system is not universally implicated :in insect muscle development. 

Denervated embryos of Leptinotarsa deoemlineata are able to develop as 

normal ( Haget, 1965). Wigglesworth (1953),studying the cyclical 

involution and regeneration of some intersegmental muscles in Fhodnius, 

found that denervation made no difference to the cycle of activity. 

Crossley (1965) found that the nervous system in Calliphora does not 

influence the ability of some abdominal muscles to grow and differentiate. 

Moreover, at least some of these imaginal muscles resemble those found in 

Galleria in that they are transformed larval muscles ( Crossley, 1965). 

In addition, Finlayson (1956) found that denervation did not affect the 

growth of the sheets of fine muscle on the body wall of Antheraea. 

The developing flight musculature of Antheraea pernyi, A. polyphemus 

and Galleria mellonella is derived from larval muscle. Thus the presumptive 

adult muscle has previously been subjected to the neural influence 

provided by the nerves to the larval muscles which are destined to 

transform at metamorphosis. Insect imaginal muscles, however, can 

originate in a number of different ways ( Hinton, 1959; Finlayson, 1975) 

and in two at least of the above quoted nerve-independent examples of 

muscle growth the muscles are at least partially derived from cells not 

located in the larval muscle. Crossley (1965) observed that presumptive 

myoblasts migrated from insect histoblastic tissue to the developing muscle 

in Calliphora and Toselli and Pepe (1968) speculated that in R hodnius,too, 
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the presumptive myoblasts may also originate from histoblastic tissue. 

The derivation of the fine sheets of muscle found on the body wall of 

Antheraea is not known. However, in the Leptinotarsa embryo, In Rhodnius 

and in Calliphora it appears that the muscles develop at least in part 

from cells which previously were not subject to nervous influence. To 

this extent anomalies to nerve-dependent muscle growth in insects 

parallel those in vertebrates. Therefore it is possible that Singer's (1952) 

explanation of nerve-addicted tissues may also hold for insects. 

However this hypothesis would need to be tested against an insect such as 

Calliphora in which some of the flight muscles are derived from larval 

muscles,as in Galleria9and some are presumed to be muscles of neoformat ion? 

as in the examples quoted above ( Beinbrech ,1968). 

The second question arising from this study concerns the specificity 

of the nerve action. As already noted in this discussion,denervation of 

the larval Galleria by interrupting a nerve pathway from the first 

thoracic ganglion results in the non-development of almost all of the 

2d 11 muscles. The nervous influence was seen to be a very local one 

since the most dorsal group of 2d 1 fibres was able to develop as normal 

and the remainder of the mesothoracic musculature was unaffected. 

The consistency of the operation results together with Nuesch's (1968) 

results for Antheraea suggests that the interaction between nerve and 

muscle is a highly specific one. Moreover, this specificity seems to 

be determined from at least the fifth larval instar since denervation 

at this stage has the same result as later denervation. Thus, although 

neuroblast divisions have been seen in the ventral nerve cords of two other 

lepidopteran species throughout larval life ( Panov, 19&3; All, 1973), 

at the fifth instar of Galleria the nervous sytem seems to be incapable 

of regulation. The nerve-muscle specificity could arise in two ways. 
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lt could be the result of specific cell-cell recognition between muscle 

and neuron, or it could be established as the result of neuromuscular 

connections formed early in the life of the animal which are not 

regenerable in later life. Again, lt is worthwhile to compare the two 

cases of vertebrate and invertebrate nerve-muscle specificity. In the 

vertebrates there is an extensive literature which deals with the development 

of neuromuscular connections and with regeneration under various 

experimental conditions ( see review chapters, Jacobson, 1970; 

Fambrough, 1976). 

In the vertebrates it is possible to denervate one muscle and then 

to reinnervate it with a different nerve from the one which previously 

served it. Thus, it has been found that cross-innervation of a slow 

nerve by a nerve which normally supplies a fast muscle, and vice versa, 

results in a reversal of characteristics of the muscle. The conversion 

of eiany major components of slow into fast muscle shows that the nature 

of the muscJd is determined by the nerve which supplies it. The biochemical 

differences between slow and fast skeletal muscle are specified by the 

nerve and the interconverslon of one type of muscle to another can occur 

at any age. ( Jacobson, 1970). Gaze (1970) noted from his studies of 

amphibia that although inappropriate neurons can and do innervate a 

muscle they are functionally displaced when appropriate neurons are allowed 

to grow in. Thus, the results of experiments in which the coordinated 

function of denervated muscles was restored indicated clearly that this 

was the result of the selective reinnervation of the denervated muscle. 

However, the fact that any somatic motor nerve and muscle can be forced 

to form functional connections without regard to the indentity of nerve 

and muscle, together with the evidence that more potential motor neurons 

are produced in the developing spinal cord than acutally become motor 
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neurons in the adult lead to the conclusion by Fambrough (1976) that 

M while many of the aspects of synaptogenesis could conceivably involve 

specific interactions between specific motor neurons and muscle fibres 

most of the details of the innervation process can be accounted for, at 

least theoretically, without the necessity of presuming such a high degree 

of specificity". Jacobson (1970) suggested that the nerve may initially 

grow to the correct muscle as the result of guidance by extrinsic factors. 

Thus he noted that nerves are not free to grow at random but tend to grow 

along tissue planes, particularly blood vessels. In addition, he quoted the 

work of Romanes (19^1) which showed that the motor neurons in the ventral 

horn of the spinal cord of the rabbit foetus mature and sprout their axons 

in a spatio-temporal order that is correlated with the order of innervation 

of muscles in proximo-distal sequence in the limbs. The first axon to reach 

a denervated muscle will neurotise it and at the same time will exclude 

other nerves and force them to terminate elsewhere. In this way the 

muscles are innervated in an orderly sequence. Jacobson further commented 

that M a stereotyped pattern of innervation for example, of a limb 

6an be explained very plausibly on the basis of a timed outgrowth of motor 

axons, mechanical guidance of the motor nerves and the exclusion of motor 

nerves that arrive after the muscles have already been innervated11. 

In insects there is a greater degree of certainty that nerve-muscle 

connections are specific. A range of experiments has been conducted which 

includes section of motor nerves (Young, 1972; Pearson and Bradley,1972), 

extirpating a ganglion to see whether this has any effect on regeneration 

(Kopec,1923; Suster,19S ;Bodenstein, 1955) > transferring a ganglion from 

one situation to another to see whether additional innervation of muscle 

in the region of this transferred ganglion will occur (Bodenstein, 1957; 

Jacfclet and CoHen, 1967), transplanting extra limbs to host animals 
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(Bodenstein,1933; Sahota and Edwards,1969), cross innervating muscles so 

that muscles will receive inappropriate nerves (Cohen,1969), grafting a 

metathoracic leg into a mesothoracic position in order to observe which 

cells will innervate which muscles (Young,1972) and denervating the pre

sumptive musculature of the next larval instar or adult to determine the 

effects of this on the developing musculature. 

Most of these experiments have not been analysed at a cellular 

level. However the work of Pearson and Bradley (1972) suggests that 

identified motor neurons specifically regrow to their original target 

muscles and not to other muscles. Young, (1972) removed a mesothoracic 

leg and replaced it with a metathoracic leg in Pervplaneta . He found 

that the metathoracic leg muscles were reinnervated by motor neurons 

which occupied the same positions as those which had originally inner

vated the homologous mesothoracic leg muscles. Thus he postulated that 

the transplanted metathoracic leg was innervated by mesothoracic cells 

which are homologous with cells found in the metathoracic ganglion. 

Cohen (19&9) crossed the flexor and extensor nerves in the metathoracic 

leg of the cockroach and found that in a high percentage of animals 

there was a return of depressor muscle function in the operated leg. 

From this he concluded that altering the peripheral field of the motor 

nerves may result in a change of the presynaptic terminal endings of the 

motor neurons such that they are now appropriate to the new peripheral 

organ. Young (1973) treated these results cautiously and noted that 

no details had been given of any control measures designed to ensure 

that the regrowfng nerves had not escaped from their constraints and 

returned to their normal destinations. 

Reference has been made to the suitability of insect nervous systems 

for study purposes because of their comparatively small neuronal 
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populations. This fact together with the introduction of specific lab

elling techniques (Cohen and Jacklet, 196$; Stretton and Kravitz, 1968; 

Pitman, et. al.,1972) has resulted in many attempts to match the motor 

nerve cell bodies of nerves and ganglia in the insect central nervous 

system (e.g. Cohen and Jacklet, 1967; Young, 1969; Bentley, 1970; TyTer 

and Altman, 197**; lies, 1976). The outcome of these studies has been to 

find that particular motor nerves are derived from neuronal cell bodies 

which are not only constant in their sizes, numbers and positions in the 

ganglion but often also with respect to their general dendritic morph

ology. 

This study adds to the evidence that larval neurons are incorpor

ated into the adult nervous system. As noted in Chapter 10 the motor 

neurons which are concerned with the innervation of the presumptive 

dorsolongitudinal flight muscles were not followed through metamorph

osis. However, the facts that denervation during the larval stages has 

the same effect as denervation at the early pupal stage and that the 

stained neurons of the larva and adult are very similar, taken together 

with evidence from Casaday and Camhi (1976) of the constancy of a pop

ulation of flight motor neurons labelled continuously through their 

metamorphosis of Manduoa sexta strongly suggest that the cells of the 

larva are the same as those of the adult. This evidence along with the 

findings of the present study and of Nuesch (1957, 1968) that certain 

nerve ablation and transection experiments have predictable effects 

on the developing adult musculature further argues that there is a spec

ific relationship between particular nerves and muscles. In the words 

of Horridge (1973) "a wide range of data suggests that .... many indiv

idual neurons of invertebrates do differentiate from each other and that 

in addition their chemical differences are the only imaginable basis 

for the determination of the broader outlines of neuron size, 
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distribution*and synapse formation. 

In conclusion, one could observe that the larval and adult waxmoths 

are two almost completely different animals. However, the probability 

that the same neurons are present in both the larva and adult together 

with the observation that nuclei which are found in larval muscle trans

form to give adult muscle, and the statement by Wigglesworth (1972) 

that in the Lepidoptera larval epidermal cells or their daughter cells 

are the same cells which are present in the adult make the metamorphosis 

of GaVlevia seem less of a cataclysmic event than of a highly organised 

switch of one form of the animal into another. 
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APPENDIX 

t. Results of experiments in which the connectives between the third 

thoracic ganglion and the first abdominal ganglion, the first and second 

abdominal ganglia, and the second and third abdominal ganglia of the last 

instar larva were sectioned, 

t3/al control al/a2 control a2/a3 control 

Total operated 
Dead larvae 
Abortive pupae 
Dead pupae 
Adults 
Dissected larvae 
Unaccounted for 

75 
49 
10 
1 
4 
5 
6 

30 
5 
0 
3 
21 
0 
1 

44 
18 
9 
5 
2 
5 
5 

30 
6 
0 
3 
21 
0 
0 

46 
16 
19 
1 
10 
0 
0 ' 

30 
5 
0 
4 
21 
0 
0 

Adults resulting from the t3/al operation were short winged with the 

wings being approximately one-third of their normal length. Otherwise the 

external appearance of the animals was normal. The muscles of the pterothorax 

were normal and the thoracic'nervous system appeared essentially normal 

except that there was no continuity of the ventral nerve cord. The 

posterior half of the composite ganglion was slightly smaller than normal 

while in the first abdominal segment there were /two small ganglia. The 

description of adults resulting from the a1/a2 and a2/a3 operations is 

similar to the above descriptions except that there was only one small 

ganglion in the first abdominal segment. Control animals in each case 

were normal. 
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2. ECDYSONE SERIES. 

Introduction. 

In Chapter 5 it was noted that larval nerve cord operations where there 

was the greatest success in the development of the animals to the adult 

stage occurred when either of the first two thoracic ganglia was cauterised. 

lt therefore appeared possible that the first two thoracic ganglia might 

have an inhibitory effect on the prothoracic glands. The second possibility 

was that these ganglia affect the secretion of juvenile hormone. The two 

possibilities could be distinguished by injecting ecdysone into operated 

larvae to determine whether the resulting animals are larval or pupal. 

Methods. 

In a series of experiments 17 animals in which the third thoracic 

ganglion had been cauterised, 1^ animals in which the connectives between 

the second and third thoracic ganglia had been severed and 9 animals In 

which the third thoracic ganglion had been cauterised one month previously 

were treated by the injection of 8 micrograms of Ecdysterone in k microlitres 

of 101 ethanol as described by Sehnal and Edwards (l969)• Ecdysterone was 

added to 9 unoperated animals as one control and in a second control 9 

animals were left to develop as normal. All of the animals used were 

post-feeding, wandering last instar larvae. 

Results. 

A. Ecdysterone added to T3G cauterised animals. 

Within two days of the addition of ecdysterone each larva formed a 

new cuticle. The previous larval cuticle remained in position until being 

manually removed. In each case the animals were slightly tanned along the 

dorsal pupal crest which was present in the anterior segments. In 6 animals 

the most abdominal segment was also slightly tanned. The wing buds protruded 
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as short lobe-like structures while the legs were also present as i very 

short structures. The head was untanned and appeared larval rather than 

pupal. There were no prolegs but the scars of the prolegs were obvious on 

the ventral abdominal segments. In each case when the animals were fixed by 

the injection of Bouin's solution there was much leakage of the fluid 

indicating that the cuticle was not in tact. 

B. Ecdysterone added to t2/t3 sectioned animals. 

The resulting animals resembled those obtained from the previous 

experiment. 

C. Ecdysterone added to T3G cauterised animals which had been operated 
on one month previously. ' 

Four of the larvae died without proceeding any further with development. 

Five of the animals resembled those obtained in the above two experiments 

except that the cuticle was not tanned at all. 

D. Ecdysterone added to unoperated animals. 

In all of the controls the resulting animals possessed much more clearly 

differentiated pupal characteristics than in the experimental animals. The 

larval cuticle remained in tact but the pupal cuticle underneath was darkly 

tanned except in the head region and the pupal crest was formed down the 

whole length of the animal. 

E. Control animals. 

A H of the unoperated controls pupated and developed to the adult stage 

as normal . 
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Discussion. 

From these results lt appears that in the presence of ecdysterone 

the operated larvae are able to ecdyse and to develop pupal characteristics 

in much the same way as normal larvae* lt therefore appears that the 

operated larvae are not able to secrete sufficient ecdysone for moulting 

and pupal development to occur. 
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